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NUCLEIC ACID COMPLEXES FOR
SCREENING BARCODED COMPOUNDS

RELATED APPLICATIONS
This application claims the benefit under 35 U.S.C. § 119(e) of U.S. provisional application
serial number 62/169,826, filed June 2, 2015, which is incorporated by reference herein in its

entirety.

SUMMARY

Provided herein are methods for screening pluralities of compounds, including for example
compound libraries, for compounds having particular binding activities. The screening methods
provided herein may be used to identify compounds that bind to a target specifically (including to a
target but not its related family members), compounds that bind to a target and induce an allosteric
change in the target wherein the allosteric change enhances or interferes with the binding of the
target to a ligand of the target, compounds that bind to a target and induce an allosteric change in
the target that renders the target inactive (and thus able to bind to a ligand specific for the inactive
form of the target), and the like.

One aspect of this disclosure provides a method comprising (1) allowing a target to contact
and bind to a candidate target-specific ligand comprising a nucleic acid barcode, wherein the target
and the candidate target-specific ligand are linked to a nucleic acid complex, (2) isolating a target
bound to a candidate target-specific ligand, and (3) identifying the candidate target-specific ligand,
wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid hybridized to a
plurality of single-stranded oligonucleotides, wherein a first single-stranded oligonucleotide 1s
linked to the target and a second single-stranded oligonucleotide is linked to the candidate target-
specific ligand.

The candidate target-specific ligand is a compound that is being screened for its ability to
bind to the target, and depending on the embodiment induce a change such as an allosteric change

in the target. The ability of the target to bind to the target in a specific manner (for example, even in
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the presence of a decoy such as a moiety that is structurally related but not identical to the target) is
typically not known prior to the performing the screening method.

In some embodiments, the method further comprises a plurality of candidate target-specific
ligands, each comprising a unique barcode, and a plurality of nucleic acid complexes, and wherein
the method is a method of screening candidate target-specific ligands for the ability to bind to the
target.

Another aspect of the disclosure provides a method comprising (1) providing a nucleic acid
complex conjugated to a target and a candidate target-specific ligand comprising a nucleic acid
barcode, (2) incubating the nucleic acid complex in solution for a sufficient time to allow the target
to bind to the candidate target-specific ligand, (3) isolating the nucleic acid complex having the
target bound to the candidate target-specific ligand, and (4) identifying the candidate target-specific
ligand, wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide is linked to the target and a second single-stranded oligonucleotide is linked to the
candidate target-specific ligand.

In some embodiments of these and other aspects provided herein, the candidate target-
specific ligand comprises an aptamer. In some embodiments, the aptamer is or comprises the
nucleic acid barcode. In some embodiments, the candidate target-specific ligand is a non-aptamer.
In some embodiments, the candidate target-specific ligand does not comprise nucleic acid except
for the nucleic acid barcode to which it is attached. In some embodiments, the target-binding region
of the candidate target-specific ligand is not composed of a nucleic acid.

In some embodiments of these and other aspects provided herein, the candidate target-
specific ligand is a nucleic acid, such as an aptamer, and it comprises an amine modification,
optionally at its 3* end. In some embodiments, the method further comprises crosslinking the
candidate target-specific ligand to the bound target prior to isolating. Such crosslinking may occur
through for example the amine modification at the 3° end of a nucleic acid based or nucleic acid
containing candidate target specific ligand.

In some embodiments of these and other aspects provided herein, the candidate target-
specific ligand comprises a DNA-encoded macrocycle. The candidate target-specific ligand may

also be a nucleic acid encoded macrocycle. In some embodiments, the candidate target-specific
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ligand, such as a DNA-encoded macrocycle, is linked to the nucleic acid complex through a bridge
oligonucleotide. In some embodiments, the bridge oligonucleotide comprises a first region that
hybridizes to the scaffold of the nucleic acid complex and a second region that hybridizes to the
DNA-encoded macrocycle. In some embodiments, the second region comprises deoxyinosine bases
capable of binding to A, C, T and G nucleotide bases. In some embodiments, the bridge
oligonucleotide comprises an amino-modification at its 3* end.

In some embodiments of these and other aspects provided herein, the candidate target-
specific ligand comprises an mRNA-displayed nanobody. In some embodiments, the mRNA-
displayed nanobody comprises a linker comprising a 3° terminal puromycin and a deoxythymine
nucleotide modified with a methyl-tetrazine. In some embodiments, the scaffold of the nucleic acid
complex comprises a trans-cyclooctene modification. In some embodiments, the mRNA-displayed
nanobody is attached to the nucleic acid complex through a reaction between the methyl-tetrazine
on the linker and the trans-cyclooctene modification on the scaffold.

In some embodiments, the nucleic acid complex is further conjugated to a decoy. In some
embodiments, the target and the decoy are structurally similar but not identical to each other. In
these embodiments, the method may be a competition screening assay since the target and the decoy
compete for binding to the candidate target specific ligand. In some embodiments, the target and
the decoy are members of a protein family.

In some embodiments of these and other aspects provided herein, the method is a drug
screening method comprising a plurality of nucleic acid complexes each comprising an identical
target and a different candidate target-specific ligand itself having a unique barcode.

Another aspect of this disclosure provides a method comprising (i) contacting (1) a nucleic
acid complex conjugated to a first binding partner and a second binding partner with (2) a candidate
allosteric ligand conjugated to a nucleic acid barcode, (ii) isolating a nucleic acid complex having
the first binding partner bound to the second binding partner and to the candidate allosteric ligand,
and (ii1) identifying the candidate allosteric ligand, wherein the nucleic acid complex comprises a
single-stranded scaffold nucleic acid hybridized to a plurality of single-stranded oligonucleotides,
wherein a first single-stranded oligonucleotide in the plurality is linked to the first binding partner

and a second single-stranded oligonucleotide in the plurality is linked to the second binding partner.
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In some embodiments, the first binding partner and the second binding partner do not bind
to each other unless the candidate allosteric ligand is bound to the first binding partner. In some
embodiments, contacting occurs in solution. In some embodiments, the nucleic acid complex is
isolated using gel electrophoresis.

In some embodiments, the candidate allosteric ligand is identified by the nucleic acid
barcode. In some embodiments, the candidate allosteric ligand is identified using nucleic acid
sequencing and/or nucleic acid amplification.

In some embodiments, the first binding partner and the second binding partner are
covalently linked to the first and second single-stranded oligonucleotides respectively.

In some embodiments, the candidate allosteric ligand is in solution. In some embodiments,
the candidate allosteric ligand is linked to a third single-stranded oligonucleotide in the nucleic acid
complex.

In some embodiments, the method further comprises covalently attaching the candidate
allosteric ligand to the first binding partner after the contacting step. In some embodiments, the
method further comprises forming a loop between the regions of the nucleic acid complex located at
or near the allosteric ligand and the first binding partner after the contacting step. In some
embodiments, the method further comprises crosslinking the candidate allosteric ligand to the first
binding partner after the contacting step.

Another aspect of this disclosure provides a method comprising (i) contacting (1) a plurality
of nucleic acid complexes each conjugated to a first binding partner and a second binding partner
with (2) a plurality of candidate allosteric ligands each conjugated to a distinct/unique nucleic acid
barcode, (i1) physically separating (1) nucleic acid complexes having the first binding partner bound
to the second binding partner and to the candidate allosteric ligand from (2) other nucleic acid
complexes, and (iii) identifying the candidate allosteric ligand bound to the first binding partner,
wherein each nucleic acid complex comprises a single-stranded scaffold nucleic acid hybridized to a
plurality of single-stranded oligonucleotides, wherein a first single-stranded oligonucleotide in the
plurality is linked to the first binding partner and a second single-stranded oligonucleotide in the
plurality is linked to the second binding partner.

In some embodiments, the first binding partner and the second binding partner do not bind

to each other unless the candidate allosteric ligand is bound to the first binding partner.
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In some embodiments, contacting occurs in solution. In some embodiments, the nucleic
acid complexes are physically separated using gel electrophoresis.

In some embodiments, the candidate allosteric ligand bound to the first binding partner is
identified by its distinct/unique nucleic acid barcode. In some embodiments, the candidate
allosteric ligand is identified using nucleic acid sequencing and/or nucleic acid amplification.

In some embodiments, the first binding partner and the second binding partner are
covalently linked to the first and second single-stranded oligonucleotides respectively.

In some embodiments, the candidate allosteric ligand is in solution. In some embodiments,
the nucleic acid complexes are identical to each other. In some embodiments, the candidate
allosteric ligand is linked to the nucleic acid complex. In some embodiments, the nucleic acid
complexes are not identical to each other.

In some embodiments, the plurality of candidate allosteric ligands is a library of candidate
allosteric ligands.

In some embodiments, the method further comprises covalently attaching the candidate
allosteric ligand to the first binding partner after the contacting step. In some embodiments, the
method further comprises crosslinking the candidate allosteric ligand to the first binding partner
after the contacting step.

Another aspect of this disclosure provides a method comprising (1) allowing a candidate
target-specific ligand to contact and bind to a target or a decoy, wherein the candidate target-
specific ligand is conjugated to a nucleic acid barcode, and wherein the candidate target-specific
ligand, the target and the decoy are linked to a nucleic acid complex, (2) isolating a candidate
target-specific ligand bound to a target using gel electrophoresis, (3) identifying the candidate
target-specific ligand, wherein the nucleic acid complex comprises a single-stranded scaffold
nucleic acid hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-
stranded oligonucleotide is linked to the target, a second single-stranded oligonucleotide is linked to
the decoy, and a third single-stranded oligonucleotide is linked to the candidate target-specific
ligand.

Another aspect of this disclosure provides a method comprising (1) providing a nucleic acid
complex conjugated to a target, a decoy, and a candidate target-specific ligand conjugated to a

nucleic acid barcode, (2) allowing the candidate target-specific ligand to bind to the target or the
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decoy, (3) isolating a nucleic acid complex comprising the target bound to the candidate target-
specific ligand, and (4) identifying the candidate target-specific ligand, wherein the nucleic acid
complex comprises a single-stranded scaffold nucleic acid hybridized to a plurality of single-
stranded oligonucleotides, wherein a first single-stranded oligonucleotide is linked to the target, a
second single-stranded oligonucleotide is linked to the decoy, and a third single-stranded
oligonucleotide is linked to the candidate target-specific ligand.

In some embodiments, contacting occurs in solution. In some embodiments, the nucleic
acid complex is isolated using gel electrophoresis.

In some embodiments, the candidate target-specific ligand is identified by the nucleic acid
barcode. In some embodiments, the candidate target-specific ligand is identified using nucleic acid
sequencing and/or nucleic acid amplification.

In some embodiments, the target and the decoy are structurally related to each other. In
some embodiments, the target and the decoy are members of a protein family.

In some embodiments, the target, the decoy and/or the candidate target-specific ligand is/are
covalently linked to the first, second and third single-stranded oligonucleotides respectively.

In some embodiments, the method further comprises covalently attaching the candidate
target-specific ligand to the target after the contacting step. In some embodiments, the method
further comprises crosslinking the candidate target-specific ligand to the target after the contacting
step.

Another aspect of this disclosure provides a method comprising (i) incubating a plurality of
nucleic acid complexes each conjugated to a target, a decoy and a candidate target-specific ligand
conjugated to a distinct/unique nucleic acid barcode, (ii) physically separating (1) nucleic acid
complexes having the target bound to the candidate target-specific ligand from (2) other nucleic
acid complexes, and (iii) identifying the candidate target-specific ligand bound to the target,
wherein each nucleic acid complex comprises a single-stranded scaffold nucleic acid hybridized to a
plurality of single-stranded oligonucleotides, wherein a first single-stranded oligonucleotide in the
plurality is linked to the target, a second single-stranded oligonucleotide in the plurality is linked to
the decoy, and a third single-stranded oligonucleotide in the plurality is linked to the candidate

target-specific ligand. In some embodiments, contacting occurs in solution.
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In some embodiments, the nucleic acid complexes are physically separated using gel
electrophoresis.

In some embodiments, the candidate target-specific ligand bound to the target is identified
by its distinct/unique nucleic acid barcode. In some embodiments, the candidate target-specific
ligand is identified using nucleic acid sequencing and/or nucleic acid amplification.

In some embodiments, the target and the decoy are covalently conjugated to the nucleic acid
complex. In some embodiments, the candidate target-specific ligand is covalently conjugated to
the nucleic acid complex. In some embodiments, each nucleic acid complex differs from other
nucleic acid complexes in the plurality by the candidate target-specific ligand conjugated to the
distinct/unique nucleic acid barcode. In some embodiments, candidate target-specific ligand is
conjugated to the nucleic acid complex through the distinct/unique nucleic acid barcode.

In some embodiments, the method further comprises covalently attaching the candidate
target-specific ligand to the target after the contacting step. In some embodiments, the method
further comprises crosslinking the candidate target-specific ligand to the target after the contacting
step.

Another aspect of this disclosure provides a method comprising (1) contacting a target with
a candidate allosteric ligand conjugated to a nucleic acid barcode, wherein the target and optionally
the candidate allosteric ligand are bound to a nucleic acid complex that is further bound to an
active-target-specific binding partner and optionally an inactive-target-specific binding partner, (2)
isolating a target bound to a candidate allosteric ligand and an active-target-specific binding partner,
and (3) identifying the candidate allosteric ligand bound to the target, wherein the nucleic acid
complex comprises a single-stranded scaffold nucleic acid hybridized to a plurality of single-
stranded oligonucleotides, wherein a first single-stranded oligonucleotide is linked to the target and
a second single-stranded oligonucleotide is linked to the active-target-specific binding partner.

In some embodiments, the candidate allosteric ligand is linked to a third single-stranded
oligonucleotide in the nucleic acid complex. In some embodiments, the candidate allosteric ligand
is in solution. In some embodiments, the candidate allosteric ligand is covalently linked to the
bound target prior to isolating. In some embodiments, the target is covalently linked to the bound

active-target-specific binding partner prior to isolating. In some embodiments, a target bound to a
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candidate allosteric ligand and an active-target-specific binding partner is isolated using gel
electrophoresis.

Another aspect of this disclosure provides a method comprising combining a scaffold
nucleic acid with a plurality of single-stranded oligonucleotides, each single-stranded
oligonucleotide having a nucleotide sequence complementary to a sequence of the scaffold nucleic
acid, under conditions that allow the single-stranded oligonucleotides to hybridize to the scaffold
nucleic acid in a sequence-specific manner without overlap, to form a nucleic acid complex,
wherein a first single-stranded oligonucleotide in the plurality is conjugated to a target and a second
single-stranded oligonucleotide in the plurality is conjugated to a candidate ligand comprising a
nucleic acid barcode.

In some embodiments, the candidate ligand is an aptamer. In some embodiments, the
aptamer is the nucleic acid barcode. In some embodiments, the aptamer comprises the nucleic acid
barcode. In some embodiments, the aptamer is attached to a nucleic acid barcode post-synthesis.

In some embodiments, the aptamer comprises an amine modification, optionally at its 3’
end.

In some embodiments, the candidate ligand comprises a nucleic acid-encoded macrocycle
such as a DNA-encoded macrocycle. In some embodiments, the second single-stranded
oligonucleotide comprises a first region that hybridizes to the scaffold nucleic acid and a second
region that hybridizes to the DNA-encoded macrocycle. In some embodiments, the second region
comprises deoxyinosine bases capable of binding to A, C, T and G nucleotide bases. In some
embodiments, the second single-stranded oligonucleotide comprises an amino-modification at its 3’
end.

In some embodiments, the candidate ligand comprises an mRNA-displayed nanobody. In
some embodiments, the mRNA-displayed nanobody comprises a linker comprising a 3’ terminal
puromycin and a deoxythymine nucleotide modified with a methyl-tetrazine. In some
embodiments, the scaffold nucleic acid comprises a trans-cyclooctene modification.

In some embodiments, a third single-stranded oligonucleotide in the plurality is conjugated
to a decoy. In some embodiments, the target and the decoy are structurally similar but not identical

to each other. In some embodiments, the target and the decoy are members of a protein family.
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In some embodiments of the various aspects provided herein, the single-stranded
oligonucleotides in the plurality are present in an equimolar concentration that is about 10-fold
greater than the molar concentration of the scaffold nucleic acid.

Another aspect of this disclosure provides a composition comprising a nucleic acid complex
comprising a single-stranded scaffold nucleic acid hybridized to a plurality of single-stranded
oligonucleotides, wherein a first single-stranded oligonucleotide is linked to a nucleic acid barcoded
(e.g., DNA barcoded) library member, a second single-stranded oligonucleotide is linked to a target,
and optionally a third single-stranded oligonucleotide is linked to a decoy or a binding partner that
binds to an inactive form of the target, or a binding partner that binds to an active form of the
target, or a binding partner that binds to an allosteric form of the target but not a native form of the
target, or a binding partner that binds to a native form of the target but not an allosteric form of the
target. The nucleic acid barcoded library member may be a barcoded aptamer, a DNA barcoded
macrocycle, a barcoded mRNA display nanobody, or a barcoded small molecule, although it is not
so limited.

Another aspect of this disclosure provides a composition comprising a plurality of nucleic
acid complexes each having bound thereto a nucleic acid barcoded (e.g., DNA barcoded) library
member, wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide is linked to the DNA barcoded library member.

In some embodiments, the DNA barcoded library member is a barcoded aptamer, a DNA
barcoded macrocycle, a barcoded mRNA display nanobody, or a barcoded small molecule.

In some embodiments, the nucleic acid complexes comprise an identical target and
optionally an identical decoy as that term is described herein.

In some embodiments, the nucleic acids complexes comprise an identical first binding
partner and second binding partner.

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.1: DNA nanoswitches: a quantitative platform for gel-based biomolecular interaction
analysis. (a) The two states (bound and unbound) of the DNA nanoswitches can be distinguished by
gel electrophoresis. (b) A nanoswitch functionalized with two digoxigenin molecules and one biotin
molecule can adopt five discernible states upon addition of a bispecific receptor. All five
topological states, A—E can be resolved within a single lane of an agarose gel. Figure adapted from
[ref. 2].

Fig. 2: Detection of aptamer binding using DNA nanoswitches. Looping is detected when a
known aptamer sequences that binds to streptavidin is attached to the nanoswitch (left), but not in
the case of a control sequence that does not bind Streptavidin (right). Here, glutaraldehyde is used
to fix loops before gel electrophoresis

Fig. 3: Capture of macrocycle library sequence tag using a bridge oligonucleotide. Looping
is detected when a biotinylated oligonucleotide that is identical in sequence to a macrocycle library
member and our designed bridge oligonucleotide are hybridized to the scaffold and Streptavidin is
added (left), but not in the case of a control sequence when Streptavidin is not added (right).

Fig. 4: Detection of insulin-degrading enzyme (IDE) binding to a DNA-encoded macrocycle
using nanoswitches. Looping is detected when the macrocycle included (left), but not in the case of
a control without the macrocycle (right). An oligonucleotide was attached to IDE using amine-
reactive chemistry. The DNA-encoded macrocycle is captured using a bridge oligonucleotide.

Fig. 5: Adaptation of mRNA to DNA nanoswitches. (left) A puromycin linker with a
modified base containing a methyl-tetrazine is ligated to an mRNA molecule before translation, in
order to create a mRNA displayed nanobody. (right) The mRNA displayed nanobody is attached to
a nanoswitch that contains a Trans-Cyclooctene modified base.

Fig. 6: Nanoswitch design for detection of allosterically modifying compounds for ADRB2
using state-specific binding nanobodies.

Fig. 7: Depiction of three distinct allosteric modulator screening assays based on DNA
nanoswitch constructs. (top) V1: Testing one potential allosteric modulator at a time by observing
changes in the receptor-orthosteric ligand binding kinetics in the presence of the potential allosteric
ligand. (middle) V2: Testing a library of potential allosteric modulators simultaneously, by labeling

each allosteric ligand with a unique nucleic-acid-based bar code. Provided the allosteric ligand
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binds to the receptor with sufficiently high-affinity to enable extraction, compounds that
dramatically increase or decrease the affinity of the receptor to its orthosteric ligand can be
extracted and read out from the solution-based nanoswitch assay developed in Aim 1. (bottom) V3:
Testing a library of potential allosteric ligands simultaneously, in which each ligand is labeled with
a nucleic-acid-based bar code that also serves as a molecular tether to an individual DNA
nanoswitch construct. This approach is particularly useful for finding allosteric ligands that have
low affinity for the target receptor since the DNA tether will keep the local concentration near the
receptor high, and will also enable the allosteric molecule to be extracted and identified even when
it is not bound to the receptor.

Fig. 8: Detection of allosteric modulation of B2-adrenoreceptor (2AR) using nanoswitches.
Here, the nanoswitch is constructed with f2AR attached to one position and a nanobody known to
bind to the active form of B2AR [ref. 4] attached at another position. Looping is not detected
without the presence of any drug (left). Looping is detected when the high-affinity allosterically-
activating drug BI167107 is added (middle). When the high-affinity allosterically-inactivating drug
ICI118,551 is added, looping is still not detected (right). Glutaraldehyde is used to fix loops before
gel electrophoresis.

Fig. 9: Depiction of an highly specific compound screening assay based on DNA
nanoswitch constructs. Testing a library of potential highly-specific ligands simultaneously, in
which each ligand is labeled with a nucleic-acid-based bar code that also serves as a molecular
tether to an individual DNA nanoswitch construct. Constructs are selected in which the drug binds
to the protein of interest, while not interesting with the negative control protein. Here, Src is the
protein of interest, while Hck is a highly homologous kinase in the same family. In order for
increased selectivity, multiple copies of the negative control protein can be attached to the scaffold.

The color versions of the Figures are available in the file wrapper of the priority application

US 62/169,826, the entire contents of which are incorporated by reference herein.

DETAILED DESCRIPTION
Provided herein are systems, compositions and methods for screening of a plurality of
compounds, such as library members, and identification of compounds of interest. The systems,

compositions and methods utilize nucleic acid complexes, also referred to herein as DNA
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nanoswitches, and nucleic acid barcoded compound libraries. As described in greater detail herein,
nucleic acid complexes are molecular reagents that can hold multiple, potentially interacting,
substituents on a nucleic acid scaffold (or backbone), and that change their geometry (e.g., shape,
conformation, compactness, etc.) based on the interactions between such substituents. Such
changes in geometry indicate the presence or absence of interactions between the substituents on the
scaffold as well as other components in an assay system [ref. 1, 2]. Nucleic acid complexes can be
used to perform kinetic and equilibrium measurements of a wide range of molecular interactions in
solution using a gel electrophoresis readout (Fig. 1). By combining this technology with libraries of
compounds that are barcoded with nucleic acids (e.g., DNA), it is possible to test simultaneously
many different compounds for their abilities to interact with and modify the interactions of targets
or binding pairs of interest in single reaction pools. Physical separation of different conformations
of the nucleic acid complexes (also referred to herein as different interacting states) on a gel allows
purification of such complexes, and subsequent high-throughput sequencing or multiple rounds of
selection.

The methods provided herein facilitate high-throughput, logic-gated screening of
compounds having a variety of activities. For example, the methods can be used to screen for and
identify compounds that

1) affect the interaction(s) between two or more targets which may or may not bind to each
other in the absence of the compound, and/or

2) modulate the allosteric state of one or more targets such as target proteins, and/or

3) specifically bind to a target such as a target protein, potentially even in the presence of
decoy such as a mutant protein, and/or

4) bind multiple targets together, and/or

5) selectively modulate a specific target-to-ligand interaction.

This list is not intended as limiting the uses of the methods and compositions provided
herein.

As described in the Examples, several proof-of principle experiments have been conducted
using a variety of prototype systems relating to the foregoing screens. These include use of beta-2-

adrenergic receptor, Src family kinases, and biotin-streptavidin binding pair.
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The compounds to be screened are referred to herein as “candidates” to infer that they may
possess the assayed activity. Compounds that have the assayed activity will cause the nucleic acid
complex to adopt a particular structural conformation that will in turn have a particular migration
rate through a gel. Compounds that do not have the assayed activity will not change the structure of
the complex nor the migration rate of the complex through a gel.

The compounds may derive from a library although they are not so limited. The
compounds may be drugs that are being screened for their binding and optionally allosteric activity,
as described herein. Accordingly, the methods of the disclosure may be regarded as drug screening
methods. It will be understood that the candidates may be of varied nature, including nucleic acids,
peptides or proteins, a combination of nucleic acids and encoded proteins (such as for example,
mRNA display nanobodies), small molecules including small synthetic molecules, and the like.

Significantly, the compounds being screened comprise a nucleic acid barcode. The barcode
on each compound being tested is different from the barcodes on all other compounds being tested,
and thus the barcodes are referred to as distinct or unique barcodes.

The barcodes may be part of the compounds naturally. For example, if the compound is a
nucleic acid such as an aptamer, then the barcode may be part of or all of the aptamer sequence.
Thus, if the library is a library of aptamers, it may not be necessary to label the compounds with
barcodes as they may already be barcoded. Alternatively, aptamers may be conjugated to barcodes
such that the putative target binding region is not the barcode.

The barcodes may be conjugated to the compounds during or post-synthesis. For example,
if the compound is a peptide, protein or chemical compound, then it will be modified to include a
nucleic acid based barcode.

The disclosure contemplates the use of existing barcoded libraries such as but not limited to
aptamer libraries, small molecular DNA-barcoded libraries (e.g. X-Chem Pharmaceuticals), DNA-
templated macrocycle libraries [ref. 3], and mRNA-display nanobody libraries. In addition, we can
use this method to screen non-barcoded libraries by performing the looping reaction and analysis in
separate reaction volumes.

As described in greater detail herein, compounds can be screened for their ability to
allosterically modulate a target, thereby rendering the target more or less capable of binding to a

known ligand. Compounds can be screened for their ability to bind specifically to a target of
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interest using nucleic acid complexes that are conjugated to the target of interest but also to
structurally similar decoys, such as related family members of the target. In this way, the
compound is screened for its ability to bind to the target of interest preferentially. The ability of the
compound to bind specifically to the target of interest and interfere with target binding to a ligand of
interest can be assayed using the same approach. Nucleic acid complexes used in these assays may
be conjugated to the target of interest, the decoy, the ligand for the target of interest, the ligand for
the decoy, and optionally the compound itself. As will be apparent based on this disclosure, various
binding interactions may result in the presence of the compound including

(1) target bound to its ligand and decoy bound to its ligand, indicating that the compound
has no effect on either the target or the decoy;

(2) target not bound to its ligand and decoy bound to its ligand, indicating that the compound
affects binding of the target to its ligand only;

(3) target bound to its ligand and decoy not bound to its ligand, indicating that the compound
affects binding of the decoy to its ligand only;

(4) target not bound to its ligand and decoy not bound to its ligand, indicating that the
compound affects binding of the target and the decoy to their respective ligands.

The aforementioned example provides readouts that may be observed whether the
compound is conjugated to the complex or free in solution.

The disclosure provides nucleic acid complexes that are conjugated to the library
compounds as well as various other substituents of interest. The disclosure alternatively provides
nucleic acid complexes that are not conjugated to the library compounds. These latter complexes
are used together with library compounds in solution, and the library compounds may be covalently
conjugated to the complex, for example via a substituent conjugated to the complex, in order to

retain the compound through the gel electrophoresis step.

Candidate Ligands/Library Compounds
Examples of barcoded libraries to be used in the methods of this disclosure are nucleic acid
aptamer libraries, nucleic acid-encoded macrocycle libraries [ref. 3], and mRNA-displayed

nanobody libraries.
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Aptamers

The disclosure contemplates use of nucleic acid complexes to screen aptamers. The
designed aptamers consist of multiple regions, including the region with variable sequence for
which aptamer function will be screened for, constant regions that flank this variable region, a
region or sequence that is complementary to a region of the scaffold of the nucleic acid complex
(for conjugation to the complex), and an amine modification at the 3” end of the oligonucleotide that
allows the aptamer oligonucleotide to be crosslinked to its target. Aptamers can be crosslinked to
the targets to which they bind in order to preserve such binding even through the gel electrophoresis
step. This may be particularly relevant if the aptamer is only weakly bound to the target. The
constant regions that flank the aptamer sequence allow for multiple rounds of selection through
purification and PCR. For multiple rounds of selection, single stranded DNA aptamers can be
created from double-stranded PCR products by labeling the primer for the opposite strand with a 5’
phosphate, and digesting the products with lambda exonuclease. Here the primers would cover the
entire regions of the aptamer surrounding the central variable region, and the primer for the aptamer
strand can also include a 5' amine group for cross-linking. The constant flanking regions can also
be used to attached adapters for high-throughput sequencing around the variable region via PCR.

As a proof of concept, a DNA aptamer specific for streptavidin [ref. 8] was adapted in the
foregoing manner, and it was conjugated to a nucleic acid complex that was also conjugated to
streptavidin. We prepared the nanoswitches by cooling a mixture of the aptamer, a biotin-modified
oligonucleotide, the M13 scaffold, and tiling oligonucleotides from 90°C down to 20°C by one
degree per minute. This mixture when then diluted to ~100 pM, and streptavidin was added to the
mixture to bind to the biotin-modified oligonucleotide on the scaffold. After incubating at 30
minutes at room temperature, glutaraldehyde was added to cross-link for 45 minutes, and then the
mixture was run on a 0.7% agarose gel pre-stained with SYBR-gold. The complex was observed to
form a looped conformation when the streptavidin-specific aptamer was conjugated to the complex
but not when a control aptamer sequence was conjugated to the complex (Fig. 2). Here, the control
aptamer region is a sequence devoid of secondary structure.

Since the aptamer is nucleic acid in nature, the target-specific binding region of the aptamer,

in whole or in part, may be used as the barcode.



10

15

20

25

30

WO 2016/196824 PCT/US2016/035563

- 16 -

The disclosure contemplates a system that evolves selected aptamers through repeated rounds of
amplification by error-prone PCR. Thus after an aptamer is selected using the methods provided
herein, it can be amplified in manner that will introduce mutation into its sequence, and the resultant
variants can be screened themselves for their activity in the binding assays described herein (and

from which the parent aptamer was identified).

Macrocycles

The disclosure further contemplates use of nucleic acid complexes to screen nucleic acid
labeled macrocycles [ref. 3]. The nucleic acid labels on the macrocycle library members comprise
three 6-basepair variable codon regions interspersed between regions of constant sequence. The
variable region is different for each library member while the constant regions are common to all
library members. The disclosure contemplates the use of a bridge oligonucleotide having a first
region that hybridizes to the scaffold and a second region that hybridizes to the nucleic acid label of
the macrocycle library member. The bridge oligonucleotide will capture all members of the
macrocycle library. The second region of the bridge oligonucleotide comprises sequence that is
complementary to the constant sequences that are common to all the macrocycle library members.
The second region also contains stretches of deoxyinosine nucleotides that are able to pair with the
variable sequences in the macrocycle label due to the ability of deoxyinosine to bind
indiscriminately to A, C, G and T nucleotide bases.

To prevent bias in macrocycle library member binding to the nucleic acid complex, for
example due to deoxyinosine having varying affinities for the four nucleotide bases, stoichiometric
amounts of the bridge oligonucleotide and the library compounds are mixed during complex
formation. For downstream sequencing analysis, the nucleic acid tag of the macrocycle with its
interspersed variable regions can serve as the barcode.

A bridge oligonucleotide having these properties was produced and used to capture a
biotinylated oligonucleotide identical in sequence to a macrocycle library member, and form looped
conformations of a complex also conjugated to streptavidin (Fig. 3). The bridge oligonucleotide
can also include an amino-modified 3’ end in order to crosslink the loop closed to detect weakly
binding compounds. Amine-modified oligonucleotides can also be hybridized adjacent to the

bridge and target protein to facilitate cross-linking. We have detected binding of insulin degrading
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enzyme to a macrocycle [ref. 7] using a nanoswitch (Fig. 4). Here insulin-degrading enzyme was
attached to an oligonucleotide using non-specific amine reactive chemistry. Specifically, we
reacted equimolar amounts of bifunctional DBCO-PEG4-N-hydroxysuccinimidyl ester (Sigma)
with protein, then reacted with excess azide functionalized oligonucleotide (IDT), and then purified
the protein using Ni Sepharose anti-His beads. The macrocycle was added to the nanoswitch by
including the bridge and macrocycle along with the M 13 scaffold and tiling oligonucleotides, and
hybridizing via decreasing the temperature of the mixture one degree per minute, starting at 90C
and cooling to 20°C. The IDE-oligonucleotide complex was added to the hybridization mixture at
35°C. To detect looping, the hybridization mixture was diluted to a scaffold concentration of ~100
pM, incubated at room temperature for 30 minutes, cross-linked for 45 minutes, and then ran on a
0.7% agarose gel pre-stained with SYBR-gold.

The nucleic acid tag of the macrocycle with its interspersed variable regions can serve as the

barcode.

mRNA-Display Proteins or Peptides (Nanobodies)

The disclosure further contemplates use of mRNA-display peptides or proteins. mRNA-
display is a technique that uses a puromycin linker attached to the 3* end of mRNA molecules to
covalently attach the translated protein or peptide to the coding mRNA. In the context of this
disclosure, the linker attached to the 3* end of the mRNA molecules may be further modified to
include a modified deoxythymine nucleotide having a methyl-tetrazine attached thereto in addition
to the 3’ terminal puromycin. The corresponding scaffold is also modified to include a trans-
cyclooctene modification. When the mRNA-displayed peptide or protein is contacted with a
scaffold containing the trans-cyclooctene modification, the displayed peptide or protein will
covalently “click” onto the scaffold in a favorable and rapid cycloaddition reaction. This design
allows the pre-construction of scaffolds and complexes for quick attachment to mRNA displayed
peptides or proteins (Fig. 5).

The mRNA sequence of the library compound, in whole or in part, can serve as the barcode.

Isolation and Physical Separation of Library Compounds
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When used with the nucleic acid complexes of the disclosure, the library compounds having
desirable binding activities can be physically separated from other nucleic acid complexes using, in
some embodiments, gel electrophoresis. As will be clear based on this disclosure, for each nucleic
acid complex, the end user will determine a priori which conformations are possible and the
migration distance of each conformation. Thus, once the library members are contacted with the
nucleic acid complexes, the mixture is run through a gel, and regions of the gel are extracted and
further analyzed based on the expected migration of each conformation. Barcodes contained in
those extracted gel regions may be purified, amplified and/or sequenced in order to determine their
identity and thus the identity of the library compound. In addition to sequencing, physical
separation allows an end user to perform multiple rounds of selection, potentially in conjunction
with error-prone PCR or other in vitro evolution techniques. The disclosure contemplates that other
separation techniques could also be used including but not limited to capillary electrophoresis, and
HPLC.

We have already successfully purified and sequenced aptamer sequences purified from an
agarose gel, using both the Qiagen gel extraction kit and electroelution. Sanger sequencing of the
extracted material after 25 rounds of amplification using Q5 polymerase (NEB) resulted in the
expected sequence. Additionally, when we have run mixed aptamer and control sequences on a gel
and extracted only the looped band corresponding binding events, we have >40 times enrichment of
the aptamer sequence over the control sequence. This was shown using qPCR (SsoAdvanced™
Universal SYBR® Green Supermix) with aptamer-specific and control sequence-specific primer
sets.

The methods provided herein may be viewed as a positive selection step that allows the
physical separation of the complexes and library members of interest from the complexes and
library members that are not of interest. This significantly increases the efficiency of the screening
process.

In addition, as described herein, once isolated based on its binding profile, as provided
herein, a candidate target-specific ligand such as an aptamer may be amplified using an error-prone
enzyme such that variants of the isolated ligand are generated. Such mutants can then be screened
using the same methods that identified the initial ligand. It will be understood that this can be

accomplished with a single isolated ligand or a plurality of isolated ligands. The end result is an in
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vitro evolutionary process that allows an end user to generate and identify an optimal ligand which

may not be part of the original source library.

Applications
High-throughput screening assay for allosteric modulators

The disclosure provides an approach for the high-throughput screening of allosteric
modulators by conjugating barcoded library members to nucleic acid complexes that are themselves
conjugated to target proteins of interest. This allows for the identification of library members that
disrupt or enhance particular binding pair interactions such as receptor-ligand interactions.

As a proof of principle, f2-adrenoreceptor (B2AR) is used as a model allosteric protein. This
protein holds great importance as a drug target. The allosteric state of f2AR can be detected
through its binding to nanobodies specific to the active or inactive state [ref. 5] or other binding
partners that are specific for active or inactive states of a target. The nucleic acid complexes used in
this application may comprise the B2-adrenoreceptor, nanobodies specific to the active and inactive
states of B2AR, and also a potential drug from one of the previously described chemical libraries
(Fig. 6)

Compounds that can alter the allosteric state of a receptor can be identified by observing a
shift in the binding equilibrium between the receptor and the two state-specific nanobodies or direct
observation of concurrent binding of both the compound and nanobodies with the receptor. This
method also works when only the ligand specific to the receptor of interest is attached to the nucleic
acid complex instead of nanobodies specific to the active or inactive states. Similarly, in this case,
allosteric compounds can be identified by concurrent binding of the compounds and ligand to the
receptor (Fig. 7), or by observing the concentration-dependent modulation of the on-rate and/or off-
rates between the ligand and receptor. In this and other aspects described herein, tethering the
library member or compound to the scaffold is useful for finding compounds that have low affinity
for the target since the DNA tether will keep the local concentration of the compound near the target
high, and will also enable the allosteric compound to be extracted and identified even when it is not
bound to the receptor, in the event it is not crosslinked to the target after binding thereto.

Protein based targets and ligands can be attached to oligonucleotides using sortase-tagging

technology, such as that described in published PCT application W0O2015/006626 and in the
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Examples. The sortase-tagging technology allows DNA to be covalently coupled to proteins at a
specific site with minimal disturbance to protein function [ref. 5]. This can be accomplished using a
two-step process. First, a small synthetic peptide is bioorthogonally and covalently coupled to a
DNA oligonucleotide using click chemistry. Next, the DNA-peptide chimera is covalently linked to
a protein of interest under protein-compatible conditions using the enzyme sortase. This protocol
allows for the simple coupling and purification of a functional DNA-protein hybrid. In this way,
sortase-tagged nanobodies can be conjugated to oligonucleotides complementary to the scaffold of
the complex. The complexes constructed in this manner will be used to screen a library of drug
compounds for their ability to allosterically inhibit or activate a target. As a proof of principle, we
have selectively used nanoswitches to detect activation of B2AR with the known high-affinity
allosterically-activating compound BI167107, without any looping for the known high-affinity
inactivating compound ICI118,551 (Fig. 8).

In addition to screening for compounds that affect the allosteric state of a protein and its
ability to bind to an inactive or active-specific nanobody, this technique can also be used to screen
for compounds that alter the state of a protein to bind to different ligands. An example of this
would be to screen for compounds that alter the propensity of insulin degrading enzyme to bind to
either insulin or glucagon.

Nucleic acid complexes can be used to screen for compounds that specifically bind to and
inhibit a target such as a target protein, without affecting other moieties that are similar in structure
to the target of interest. In these embodiments, the nucleic acid complex will comprise a member of
the compound library, the target such as the target protein, and a decoy that is similar in structure
but not identical to the target. Compounds of interest will create loops with the target, but not with
the decoy.

As a proof-of-principle, libraries are screened for compounds that specifically bind to Src,
but not to other Src family kinases (Fig. 9). Loop formation between Src and a known Src-binding
macrocycle [ref. 6] are then tested.

In addition, it is possible to screen for compounds that specifically inhibit mutant forms of
Src present in cancer, while not inhibiting the wildtype Src. This screening approach will be

general and applicable to other forms of oncogenic proteins.
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Nucleic Acid Complexes (also referred to herein as Nanoswitches)

The disclosure provides nucleic acid complexes, also referred to herein as nanoswitches, for
use in identifying binding interactions between known and/or unknown moiety. As will be
described in greater detail herein, known moieties may be for example known binding pairs such as
a receptor and its ligand. Unknown moieties may be for example members of a library such as a
peptide library, a nucleic acid library, a small chemical compound library, a macrocycle library, an
mRNA-display library, and the like. Typically, the identity of library members, including those of
interest, is not known to the end user. The methods provided herein may be used to isolate library
members of interest, by virtue of their ability to bind and optionally allosterically modify a target of
interest, and then to identify such library members. Identification of the library member may
include determining its chemical composition, including for example its nucleotide sequence or its
amino acid sequence.

As also described in greater detail herein, each library member comprises (whether
inherently or through conjugation post-synthesis) a distinct or unique nucleic acid barcode. This
intends that each library member will be uniquely labeled with a barcode, and the barcode can be
used to identify the library member with which it is associated, either inherently or through
conjugation.

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, one or more members of a protein family
that may be similar but not identical to each other, moieties having different binding affinities for
active or inactive states of a target of interest, and the like.

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

The disclosure contemplates nucleic acid complexes that can be made using nucleic acid
nanostructural techniques such as but not limited to DNA origami. (Rothemund P. W. K. (2006)
Nature 440: 297-302; Douglas S. M. er al. (2009) Nature 459: 414-8).

In some aspects, the nucleic acid complexes are each comprised of a single “scaffold”
nucleic acid and a plurality of oligonucleotides hybridized thereto. The scaffold nucleic acid and

the oligonucleotides are single-stranded prior to hybridization to each other. Accordingly, the
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scaffold nucleic acid and the oligonucleotides may be referred to herein as being “single-stranded”
and it is to be understood that this refers to their state prior to such hybridization.

This disclosure contemplates other forms of nucleic acid complexes as well as other ways of
making such complexes.

In some embodiments, the nucleic acid complexes minimally comprise a nucleic acid to
which one or more moieties are attached, either covalently or non-covalently. In some instances,
the nucleic acid is a single stranded nucleic acid, and it may be referred to as the backbone or
scaffold nucleic acid. Such backbone or scaffold nucleic acid may be hybridized to one or more
(e.g..2,3,4,5,6,7,8,9, 10, or more) oligonucleotides. When more than one oligonucleotide is
hybridized to the scaffold, such number of oligonucleotides is referred to as a plurality of
oligonucleotides. Thus, a plurality of oligonucleotides intends 2 or more oligonucleotides. The
number of oligonucleotides hybridized to the scaffold nucleic acid may be the same as the number
of moieties attached to the scaffold nucleic acid, with each oligonucleotide itself attached to one
moiety. In some instances, the number of oligonucleotides hybridized to the scaffold nucleic acid
may be more than the number of moieties attached to the scaffold nucleic acid, with one or more
oligonucleotides not attached to any moieties.

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 complexes of the invention may comprise double-stranded and single-stranded regions.
Double-stranded regions may comprise “single-stranded nicks” as the hybridized oligonucleotides
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.
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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
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 1000 nucleotides in length, and it may
be as long as 20,000 nucleotides in length (or it may be longer). The scaffold nucleic acid may
therefore be 1000-20,000 nucleotides in length, 2000-15,000 nucleotides in length, 5000-12,000 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 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.

In some instances, 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
plurality of oligonucleotides to the scaffold nucleic acid. In some instances, the oligonucleotides

are designed to be of approximately equal length. The oligonucleotides may be, without limitation,
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about 40, about 50, about 60, about 70, about 80, about 90 or about 100 nucleotides in length. The
number of oligonucleotides in the plurality may be 2, 3, 4, 5, 6, 7, 8, 9, 10, about 10, about 20,
about 30, about 40, about 50, or about 60, or any range therebetween of the recited lengths without
limitation. 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, or about 200, or any range therebetween of the recited lengths without limitation.

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

In some instances the first and last oligonucleotides as well as certain “internal”
oligonucleotides may be interchanged with other oligonucleotides or may be modified
oligonucleotides. These oligonucleotides may be referred to herein as “variable” oligonucleotides.
The remaining unmodified oligonucleotides may be referred to herein as “backbone”
oligonucleotides. The position of these variable oligonucleotides may be evenly distributed along
the length of the scaffold.

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 library
members, targets, decoys, binding partners, binding pairs, etc. It also dictates the size of the loops
that are formed once the various substituents bind to each other, as shown in Fig. 1. This will in
turn dictate the migration distance of the complex, and thus the ability of the end user to physically
separate and thus distinguish between complexes of interest and those not of interest.

Fig. 1 illustrates an exemplary nucleic acid complex functionalized with two digoxigenin
molecules and one biotin molecule. The complex can adopt 5 discernable states upon addition of a
bispecific receptor. All 5 topological states, A-E, can be resolved within a single lane of an agarose
gel. These bands can be fit globally with a single fit of a sum of skewed Gaussian curves. The black
curve represents the median pixel intensity, the dashed red curve represents the fit which is the sum
of 5 skewed Gaussians, and the individual skewed Gaussians are shaded by state. The Figure also
illustrates a reaction diagram illustrating the possible transitions between each of the 5 states. As
described by Koussa et al., Nature Methods, Online publication December 8, 2014 “DNA

Nanoswitches: A Quantitative Platform for Gel-Based Biomolecular Interaction Analysis”, by
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analyzing the distribution and intensity of bands in an agarose gel at various times, it is possible to
determine on-rate and off-rate kinetics and rate constants.

The method requires that the various conformations adopted by the nucleic acid complex be
distinguishable from each other when run on a gel such as an agarose gel, as shown in Fig. 1. Thus,
the position of each functionalized oligonucleotide is typically known and pre-determined as are the
conformations that can be formed from the complex.

It has been demonstrated in accordance with the invention that the methods allow an end
user to physically separate complexes from each other using gel electrophoresis and to isolate
complexes of interest from such gels. Significantly, this can be accomplished even if there is no
discernable band on the gel (i.e., no band is visible by eye). Nevertheless, the approximate location
of each of the potential conformations is known a priori and these locations can be excised from the
gel and further worked up to isolate any complexes contained therein.

The methods provided herein are described in the context of screening for a single ligand
such as a candidate target-specific ligand or a single type of binding event. However, it is intended
and it is to be understood that the nucleic acid complexes and their methods of use may analyze and
identify more than one ligand and/or more than one binding event per nucleic acid complex, as
shown in Fig. 1. That is, each nucleic acid may be constructed to detect more than one binding
particular binding event, including for example detecting binding of a candidate ligand to a target,
or detecting binding a candidate ligand to a target and binding of the ligand-bound target to another
moiety, such as but not limited to a second ligand or binding partner.

According to the invention, certain of the oligonucleotides hybridized to the scaffold nucleic
acid will be unmodified. Unmodified oligonucleotides include oligonucleotides that are not linked
to substituents such as targets, library members, binding partners, etc. The majority of
oligonucleotides hybridized to a scaffold nucleic acid may be unmodified. Unmodified
oligonucleotides may be referred to herein as “fixed” or “backbone” oligonucleotides.

Other oligonucleotides hybridized to the scaffold may be modified. Modified
oligonucleotides are oligonucleotides that are modified in one or more ways. Such oligonucleotides
may comprise a modified nucleotide, and/or may have a modification at the 5* and/or 3’ end, and/or
may be conjugated to a non-nucleic acid moiety such as for example a peptide, a protein, or a

macrocycle. Modified oligonucleotides may be referred to herein as “variable” oligonucleotides
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since these oligonucleotides may be modified by linking to a variety of binding partners depending
on the method of use. Modified oligonucleotides may also be referred to herein as functionalized
oligonucleotides.

Regions of the complex that comprise scaffold hybridized to unmodified oligonucleotides
may be referred to herein as “fixed” or backbone regions. Regions comprising scaffold hybridized
to modified oligonucleotides may be referred to herein as “variable” regions.

The spacing of modified (or variable) oligonucleotides along the length of the scaffold
nucleic acid may vary. In some embodiments, the nucleic acid complex may comprise three or four
variable regions (e.g., three or four modified oligonucleotides). As an example, a nucleic acid
complex may comprise modified oligonucleotides at one or both of its ends as well as two internal
modified oligonucleotides. The modified oligonucleotides at the ends of the complex may be used
to conjugate the oligonucleotide to a substituent. The modified oligonucleotides internal to the
complex may be linked individually to members of a binding pair (e.g., each of the two
oligonucleotides is linked to a member of the binding pair such that the complex comprises the
binding pair, with each member of the pair on a different oligonucleotide). The internal modified
oligonucleotides may be symmetrically or quasi-symmetrically located around the center of the
linker. In other words, they may be positioned equi-distant from the center of the scaffold (or the
complex). Alternatively, they may be evenly spaced along the length of the complex as described
in the Examples.

The nucleic acid complex may be formed by first hybridizing unmodified oligonucleotides
to the scaffold nucleic acid to form a nucleic acid complex intermediate, and then hybridizing
modified oligonucleotides to the scaffold nucleic acid to form the nucleic acid complex. The
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 that is hybridized to some but not the entire complement of oligonucleotides that is
designed to bind to the entire length of the scaffold. In other embodiments, unmodified and

modified oligonucleotides are combined with (and thus hybridized to) the scaffold simultaneously.
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EXAMPLES

Example 1. DNA Nanoswitches: A quantitative platform for gel-based biomolecular interaction
analysis.
Abstract

Provided herein is a nanoscale experimental platform that enables kinetic and equilibrium
measurements of a wide range of molecular interactions by expanding the functionality of gel
electrophoresis. Programmable, self-assembled DNA nanoswitches serve both as templates for
positioning molecules, and as sensitive, quantitative reporters of molecular association and
dissociation. We demonstrate this low cost, versatile, “lab-on-a-molecule” system by characterizing

10 different interactions, including a complex 4-body interaction with 5 discernable states.

Materials and Methods
General nanoswitch formation:

The nanoswitches were constructed as previously described in detail’. Circular-single-
stranded DNA from the 7249 nt bacteriophage M13 (New England Biolabs) was linearized by
enzymatic cleavage of a single site using Btscl (New England Biolabs) and a site specific
oligonucleotide. Oligonucleotides (from Bioneer or Integrated DNA Technologies (IDT)) were
designed to complement the linearized M13 DNA along the backbone, resulting in 120 60-nt
oligonucleotides and a single 49 nt oligonucleotide. The first and last oligonucleotide along with 10
evenly distributed oligonucleotides are intended to be interchangeable and will be referred to as
variable oligonucleotides (var 1-12, with var 1 representing the first oligonucleotide and var 12
representing the last oligonucleotide). These variable oligonucleotides were stored separately {from
the remaining 109, referred to as backbone (bb) oligonucleotides, which were mixed in equimolar
concentration in a single tube. Mixing a molar excess of the oligonucleotides (10:1 unless otherwise
noted) with the ssDNA scaffold and subjecting the mixture to a temperature ramp (90 °C to 20 °C at
1 "C/minute unless otherwise noted) produced double stranded DNA. Final constructs were spiked
with a low concentration of DNA ladder (BstNI Digest of pPBR322 DNA, New England Biolabs) to

aid in quantification. For many experiments the constructs were PEG precipitated after annealing to
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remove excess oligonucleotides. The PEG precipitation was performed as previously described
16

in
Design Considerations:

The nanoswitches were designed with several key design considerations to ensure that they
function properly and robustly over a wide range of conditions. The oligonucleotide length was
selected to be 60 nt to ensure both site specificity, and to ensure that the oligonucleotides would not
spontaneously fall off even at temperatures as high as 50 °C. We show that at 50 "C even a 20-mer
oligonucleotide has a long lifetime of ~18 hours (data not shown), and the lifetime of a 60-mer
oligonucleotide is predicted to be orders of magnitude longer than the 20-mer oligonucleotide”.

The ligands were positioned at locations that allow for easy resolution of the looped and
unlooped bands. Placement of the oligonucleotides on variable regions 4 and 5 yields two bands
that are quite close to one another under our standard gel running conditions. The further apart the
ligands are, the more easily resolvable the two bands become. The spacing of ligands on the DNA
scaffold also controls their effective concentration, with the effective concentration of one ligand to
the other generally decreasing as they are spaced further apart (though if the ligands are brought
within one persistence length of the polymer, the effective concentration may decrease
dramatically). We have found that the use of variable regions 4 and 8 provides a nice middle
ground.

Regarding the concentrations, it is important to consider that there are three concentrations
that can be independently tuned in an on-rate experiment. There is the concentration of the scaffold,
the concentration of the receptor, and the effective concentration between the two ligands on the
polymer. If these concentrations are adjusted carefully, many problems can be avoided. For
example, if the effective concentration between the two tethered ligands is significantly higher than
the concentration of the receptor, then one can minimize capping (the binding of two receptors to a
single scaffold resulting in an unloopable construct). We note, however, that since our model
accounts for capping, the values obtained outside this optimal regime will still be correct, the
looped-band intensities will simply be weaker, resulting in a lower signal-to-noise. Although not
usually a problem, one can avoid higher order aggregation by ensuring that the scaffold

concentration is significantly lower than the effective concentration between the two ligands on the
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scaffold. One can also simplify the analysis by selecting a receptor concentration that is
significantly higher than the scaffold concentration so that the receptor concentration stays
effectively constant over the course of the experiment. Following these experimental design
principles, in our experiments using variable oligonucleotides 4 and 8, the effective concentration
between the two ligands on the loop is ~30 nM, the scaffolds are used at a concentration of 80 pM,
and the receptor is used at a nominal concentration of 3 nM.

In addition to the ratio of concentrations there are some important lower and upper limits of
concentration to keep in mind. We have found that working with protein concentrations below 1 nM
can be unreliable due to losses of protein to the walls of the tubes. We have performed on-rate
experiments with streptavidin concentrations as low as 0.3 nM but losses of protein can be as high
as 80% even in protein LoBind tubes (Eppendorf technical data sheet). Unless a means of
eliminating protein loss to tubes and pipette tips is implemented, we do not recommend working
below 1 nM. The upper limit is not a hard limit. We have found that the on-rate for streptavidin is
very fast at 30 nM, making it difficult to pipette fast enough to take multiple time points before the
plateau. If one has a means of more rapidly mixing solutions (i.e. microfluidics), or a protein with a
slower on rate, higher protein concentrations can be used. We have found that 3 nM provides a nice
middle ground, though one may wish to optimize the protein concentration used based on the speed
of mixing, and the solution on-rate of the protein being studied.

Following these design principles and those laid out in’, is key to the successful use of this
platform. To aid in implementing this method in your lab we have written a supplementary protocol
(Appendix A) which provides information on reagents needed, and detailed step-by-step

instructions on how to succesfully perform on-rate and off-rate experiments.

Electrophoretic conditions

All looped constructs were run in 0.7% agarose gels, cast from LE agarose (Seakem) or
Ultrapure Agarose (Life Technologies) dissolved in 0.5x Tris-borate EDTA (TBE) (Biorad). Before
loading, samples were mixed with a Ficoll-based loading solution (Promega), which we found to
give sharper bands than glycerol-based loading dyes, simplifying quantification. Gels were run for
90-100 minutes at 4 V/cm, unless otherwise noted, and subsequently stained in 1x SYBRGold stain

(Invitrogen) for a minimum of 30 minutes before being imaged with a gel imager (Biorad) or laser



10

15

20

25

30

WO 2016/196824 PCT/US2016/035563

231 -

gel-scanner (GE Typhoon). It is important to note that the standard output file of this imager is often
set to a .gel file which has a non-linear intensity scaling. .gel images can be linearized using the
imagelJ Linearize gel Data plugin available at the rsb. infor. nih. gov/ ij/ plugins/ linearize-gel-data
website. Alternatively the gel image can be saved as a linear .tiff file off of the imager. These
expensive imagers are not required for quantification; we obtained similar results using a blue

transilluminator (Invitrogen) and a point and shoot camera (Canon S95).

Biotin-streptavidin nanoswitch experiments

This construct used biotinylated versions of two oligonucleotides (var 4 and var 8), which
were used in 4x molar excess to the scaffold, while all other oligonucleotides were used in a 10x
molar excess. The reason for this lesser amount is twofold: 1) to be less wasteful of the more
expensive functionalized oligonucleotides, and 2) because excess biotin oligonucleotide in solution
could interfere with our measurements. The final DNA construct was then diluted 100x from its
original concentration of ~16 nM (to 160 pM), and mixed in equal volumes with streptavidin
(Rockland) at 6 nM nominal concentration to form the loops, yielding final nominal concentrations
of ~80 pM and 3nM, respectively.

On-rate experiments were performed by mixing equal volumes of 160 pM DNA construct
with a nominal 6 nM streptavidin concentration, followed by taking 10 pL aliquots of the mixture at
various times and mixing them with 1pL of a saturated biotin solution to quench the formation of
loops. The 25 °C experiment was performed at room temperature, the 4 °C experiment was
performed in a cold room, and the 37 °C and 50 “C experiments were performed using a thermal
cycler. It is important to note that for on-rate experiments, using low binding tubes (Eppendorf
LoBind) was important for getting repeatable results due to significant streptavidin adsorption to the
tubes when incubated at 6 nM. Actual concentrations used to determine the on-rates were measured
using spectrophotometry and a HABA assay to determine streptavidin activity. We found that the
actual streptavidin concentration was within 10% of the nominal concentration, and over 85% of the
protein was active based on the HABA assay.

Off-rate measurements were performed by forming looped construct as described above, and
letting the solution sit for at least 24 hours to allow the system to reach equilibrium. Aliquots of the

looped construct were mixed at various times with a quenching solution consisting of biotin and
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sodium chloride to achieve the proper experimental salt concentrations, and immediately put at the
experimental temperature. The 4 “C condition was done in a refrigerator, the 25 °C sample was done
in a water bath, and the 37 °C and 50 °C temperatures were done in a thermal cycler. To run all the
samples on a single gel, the quenching times were determined relative to the predetermined gel
running time.

Preparations with avidin and neutravidin were prepared in the same way, but protein
concentrations were sometimes altered to enable on-rate measurements over a similar time scale as

the streptavidin experiments.

Desthiobiotin-Streptavidin

Desthiobiotin experiments were conducted in a similar manner as the biotin experiments
with slight modifications. The var 4 oligonucleotide was changed to a desthiobiotin-functionalized
oligonucleotide while the var 8 oligonucleotide remained biotin functionalized. The off-rate of the
desthiobiotin interaction is much faster than the typical 100 minute gel run time. Noting that once a
loop opens in the gel, the reptation of the DNA prevents the loop from closing again, we ran
samples for different amounts of time in the gel at 15 V/cm and 4 °C, and quantified the fraction
looped as a function of running time (Appendix A - Supplementary Fig. 5). In addition to allowing
the determination of the desthiobiotin-streptavidin off rate, this gel also allowed us to determine the
minimum amount of time required to achieve separation of the looped and unlooped bands in the
gel. This enabled the use of the standard quenching technique for measuring desthiobiotin off-rates
as described in the previous section; these gels were run at 15 V/em for 10 minutes in pre-chilled

electrophoresis buffer.

DNA hybridization experiments

This construct used a 50 nt “bridge” oligonucleotide to span the last 30 nt of the var 4 region
and the first 20 nt of the var 8 region. Thus, the normal var 4 and var 8 oligonucleotides were
omitted from the mixture and replaced with 3 oligonucleotides: the aforementioned “bridge”
oligonucleotide and two small “filler” oligonucleotides to fill the remaining bases so that the M13
scaffold would be fully hybridized. In this case, the bridge oligonucleotide was added in equimolar

concentration with the scaffold strand, while the other oligonucleotides remained at 10x molar
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excess. Off-rate measurements were quenched with 500 nM 20 nt oligonucleotide corresponding to

the loop closure site. Kinetics were accelerated by performing the measurement at 50 °C.

Enzyme cleavage experiments

These constructs were made as described above, but with a bridge oligonucleotide
containing an inserted sequence recognized by the Xhol enzyme (New England Biolabs). The
compliment to this restriction sequence was also added to ensure that this region was double
stranded. Cleavage measurements were performed by adding enzyme to the loops (with final
concentrations of 2.2 nM and 1,000 units/mL for the loops and enzyme, respectively) in the
recommended buffer (New England Biolabs) and quenching the enzyme activity with 75 mM

EDTA at various times at room temperature.

Antibody-antigen experiments

This construct used a 3’ digoxigenin labeled version of the var 8 oligonucleotide (Integrated
DNA Technologies) and a 5° anti-dig labeled version of the var 4 oligonucleotide. The antibody
labeled oligonucleotide was made by chemically crosslinking a free amine on the antibody
(Polyclonal Sheep Antibody from Roche) to a thiol labeled oligonucleotide, and purified by
electroelution as described previouslys. The construct was made with two annealing steps. First, all
the oligonucleotides with the exception of the antibody-labeled oligonucleotide were mixed with the
scaffold strand and annealed following our standard protocol described above (except a 1:1, rather
than 10:1, molar ratio was used for the digoxigenin oligonucleotide). Second, the purified antibody
oligonucleotide was added in a 1:1 molar ratio and annealed from 37 °C to 4 °C at 0.5 *C/minute to
facilitate annealing of the antibody-modified var 4 oligonucleotide. Off-rate measurements were

performed by quenching with 335nM of antibody at various times at room temperature.

Sortase Catalyzed Peptide Ligation experiments

This construct was created in 3 steps. 1) Var 4 and var 5 oligonucleotides with a 3” and a
5’azide respectively, were functionalized with sortase compatible peptides. 2) These two
oligonucleotides were linked together with sortase. 3) The peptide-bridged oligonucleotides were

hybridized onto the DNA nanoswitch. All custom peptides were purchased from NeobioLab.
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1) To create the sortase-compatible oligonucleotides, sortase-compatible peptides were
covalently attached using click chemistry as previously16, the entire contents of which are
incorporated by reference herein. Pra-LPETGHHHHHH, where Pra is a Propargyl glycine
which adds an alkyne functionality (SEQ ID NO:1), was coupled to var 4-azide using
copper-catalyzed click chemistry. Azide-var 5 was then functionalized with a Flag-TEV-
GGG-Pra peptide (SEQ ID NO:2), where Flag denotes a Flag-tag and TEV denotes a
cleavage site for the Tobaco etch virus protease. After the click chemistry the
oligonucleotides were processed with a gqiagen nucleotide removal kit and run on a
polyacrylamide gel. The bands corresponding to the peptide-oligonucleotide chimeras were
cut out and the products were extracted via electroelution as previously described.

2) Once purified the Flag-TEV-GGG-var 5 was treated with TEV (Sigma) and the two
oligonucleotides were concentrated as previously16. These oligonucleotides were then at a
concentration of ~10uM as judged by running on a precast 4-20% gradient polyacrylamide
TBE gel (BioRad). Equal volumes (10uL each) of the sortase-compatible oligonucleotides
were mixed with 5 L of 14.1mg/ml sortase (Chen et. al, 2011), and 25 pL of 2x Sortase
Reaction buffer (600 mM Tris HC1 pH 7.5, 300 mM NaCl, 10 mM MgCl,, and 10 mM
CaCl,). This was allowed to sit for 3 hours at room temperature before running on a
polyacrylamide gel and purifying the dimer band via electroelution. Yielding var 4-
LPETGGG-var 5 (SEQ ID NO:3) (Note that the GGG indicates the amino acid string Gly-
Gly-Gly.

3) The var 4-LPETGGG-var 5 (SEQ ID NO:3) was used instead of the normal var 4 and var 5.
This was annealed onto the linear M13 backbone at a 1:1 ratio and was added along with the
other oligonucleotides at the beginning of the annealing, as peptide denaturation was not a
concern. This yielded loops with the peptide LPETGGG (SEQ ID NO:3) bridging variable
regions 4 and 5.

With these loops in hand we could observe loop opening as a result of sortase ligating free
GGG-X peptide. To accomplish this a mixture was made with the following concentrations. 2
nM DNA nanoswitches, 10 uM sortase, 40 uM GGG-S-S-CH3, 300 mM Tris HCI pH 7.5, 150
mM NaCl, 5 mM CaCl,, and 5 mM MgCl,. Catalysis by sortase is highly calcium dependent
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thus the transpeptidation could be quenched at different times by adding an equal volume of

100mM EDTA in water. 10 time points were collected over 20 minutes at room temperature.

Disulfide Reduction:

This construct was created in 3 steps. 1) Var 4 and a truncated version of var § witha 3’ anda 5’
thiol respectively, were reduced in 50 mM TCEP (BondBreaker Thermo Scientific). 2) These two
oligonucleotides were linked by a disulfide. 3) The disulfide-bridged oligonucleotides were
hybridized onto the DNA nanoswitch.

1) To reduce the thiols on the oligonucleotides they were incubated in 50 mM TCEP for 1 hour
at RT.

2) Equal volumes of the two oligonucleotide-TCEP mixtures were then combined. The TCEP
was removed using a QIAGEN nucleotide-removal kit. The oligonucleotides were then
allowed to form disulfides in the absence of reducing agent in PBS for 1 hour before running
the products on a precast 4-20% gradient polyacrylamide TBE gel. As the oligonucleotides
were different sizes (60 and 30nt) the appropriate hetero dimer could be easily identified and
purified using electroelution as previously described’.

3) The var 4-S-S-var 8 was used instead of the normal var 4 and var 8. This was annealed onto
the linear M 13 backbone at a 1:1 ratio and was added along with the other oligonucleotides
at the beginning of the annealing. This yielded loops with a disulfide bridging variable
regions 4 and 8.

With these loops in hand we could observe loop opening as a result of TCEP reduction of the

disulfide bond. To accomplish this equal volumes of 20 uM TCEP and 160 nM loops, both of which
were diluted in NEB buffer 2, were mixed at different time points before running the gel. 7 time

points were collected over 10 days at room temperature before running the gel.

MultiState Loops

The bispecific receptor was formed by using a lightning link kit (Innova Biosciences) to
attach streptavidin to sheep polyclonal antidig (Roche 11333089001). The antidig, suspended in
PBS, was added in a 1:1 ratio to the streptavidin, and the kit protocol was followed exactly. This
was then diluted 1:1250 into NEB Buffer 2 with added 150mM NacCl before use in forming
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multistate loops. The multistate loop was formed by using var 4 with a 3* biotin, var 8§ with a 5’
digoxigenin, and var 12 with 3" digoxigenin in place of the normal var 4, 8§, and 12
oligonucleotides. On-rate and off-rate measurements were performed using the same procedure
used for the biotin-streptavidin experiments with slight modifications. Rather than adding
streptavidin, the diluted bispecific receptor was added, samples were quenched with 2 uL of 5 uM
digoxigenin-functionalized oligonucleotide (an oligonucleotide was used as digoxigenin is not
water soluble) suspended in a saturated biotin solution. Gels were run 6.25 V/cm for 125 minutes

with buffer chilled to 4 °C before running.

Gel Image Analysis

We analyzed gel images in one of two ways:

1) All non-multistate (only two bands) gels were analyzed in the following way:
The amount of material in each gel band was quantified by analyzing the scanned gel images with
the gel analysis tool in the freely available ImageJ software package. Using rectangular regions of
interest that just capture the width of the gel bands, this toolbox produces intensity profiles whose
area can be measured to quantify the total brightness in each band. We applied the same rectangular
window size to each lane within a single gel. In many gels the highest molecular weight band of the
added ladder was used as a normalizing reference lane. This relaxed the constraints of pipetting
perfectly across all lanes.

2) All multistate (with 5 bands) gels were analyzed as follows
A custom MATLAB interface was developed for fitting the intensity profiles of the imaged gel
bands. The software interface was modeled after the ImageJ interface. Rectangular boxes are drawn
around each lane to define a region of interest. Median filtering is a common technique used to
remove speckle noise in images. Rather than filtering the entire image, each individual lane was
median filtered by row to remove speckle noise without sacrificing resolution in the direction of
band migration. After plotting the median-intensity profile the background was subtracted using a
4-6 point piece-wise linear function to outline the background. The background was found to be
very similar across lanes and often the same background profile could be subtracted from the
majority of the lanes. Once the profiles were extracted, least-squares fitting of each profile to the

model was performed in MATLAB. Individual bands run on their own show a skewed Gaussian
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profile, also known as a skew normal distribution, with a skew parameter of ~-2.5 (data not shown).
Thus, the entire multistate median-intensity profile (from just above the highest band to just below
lowest) was fit using a sum of 5 skewed Gaussians. A common skew parameter was used for all 5
bands, and a common initial guess of band width was used with a fitting range of +10 pixels. These
input parameters allowed for converging fits across all lanes, and resulted in fits that closely
matched the observed intensity profiles (data not shown). The areas of the individual bands were
calculated by integrating the individual skewed Gaussians. Error in the fitted areas was estimated by
calculating the areas within the one-sigma confidence interval of the fit parameters. These areas
were all normalized by the total area (the sum of all of the skewed Gaussian areas). The identity of
the bands were validated by analyzing gels in which individual loop sizes were formed (data not
shown). Accuracy of band quantification was confirmed by mixing these individual loops in known
ratios—the measured values of the individual bands were found to be within 10% of their true
values.

Equation for a skew normal/skewed Gaussian distribution:

x—b

2 —b
A- e_(T) (1+ erf(ax

)

Data Analysis

Based on a gel we ran to establish repeatability of pipetting and imaging, we conservatively
estimate the error per lane at + 5% plus the detection limit (which will vary by imager). For lanes
that used a reference band to normalize brightness, the 5% error per band was propagated to yield
roughly 7% error per measurement. Error bars were produced based on this analysis, and all fitting
procedures used an error weighted least squares fit. Timed pipetting for on-rate experiments was
conservatively assumed to have an error of 2 seconds, which was propagated to overall y-error by

multiplying by the derivative of a preliminary fit.

Model
The time evolution of DNA nanoswitch states are modeled using multistep reaction kinetics.
On rates are modeled as a two-step process:

Unbound Linear — Singly Bound Linear — Looped
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Step 1 represents the binding of a free receptor in solution to a ligand on the scaffold
(yielding the solution on-rate), Step 2 represents the subsequent binding of this receptor to another
ligand on the same scaffold to form a loop (yielding the loop-closure rate). On-rate and off-rate
models for both the two-state and five-state systems are detailed in the supplementary discussion of

Koussa et al. Nature Methods, 2014.

Thermodynamic Analysis
The dissociation constant Kp was determined by the ratio of the off- and on-rates, and the
equilibrium free energy AG® was determined by:
AG® = —RTIn(Kp)
Where R is the gas constant, 7 is the absolute temperature, and the dissociation constant, which is
determined by dividing the off rate by the on rate, and is made dimensionless by dividing it by a
reference concentration, i.e. Kp = Kp/(1M). We additionally used Eyring analysis to fit the

temperature dependence of the kinetic rates:

l<k>_—AH<1>+l <kB>+AS
N7)T R\ TR TR

Where k& is the kinetic rate constant, kg is the Boltzman constant, /4 is Plank’s constant, and AH and
AS are the enthalpy and entropy of activation, respectively.

For the salt dependence, we used the kinetic salt relationship:

log(k) = log(ky) + 24 Zx - ZgV1
Where £ is the kinetic rate constant, kj is the rate constant without the salt, A is the Debye-Hiickel

constant, Z4 and Zp are the charges on the two interacting species, and / is the ionic strength of the

solution.

Results and Discussion

Gel electrophoresis has been a workhorse of biological research for over 50 years, providing
a simple way to determine size, topology, and quantity of DNA, RNA, and protein1’2’3. However,
quantitative kinetic and thermodynamic characterization of molecular interactions on gels remains a

challenge. For example, electrophoretic mobility shift assays (EMSA) are primarily used for
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qualitative analysis of protein-nucleic acid interactions”. Quantitative biomolecular interaction
analysis typically requires specialized techniques such as Surface Plasmon Resonance (SPR) (e.g.
Biacore), radiolabeling, or Isothermal Titration Calorimetry (ITC), with cost, required technical
expertise, and material requirements sometimes posing barriers to their use (data not shown).
Furthermore, quantitative analysis of long-lived interactions, small molecule interactions, and multi-
component complexes are difficult, even with these advanced approaches.

5’6’7, that meets

We introduce a new instrument-free platform, based on DNA self-assembly
these challenges by enabling quantitative analysis of molecular interactions using standard gel
electrophoresis, for pennies per sample (data not shown). DNA oligonucleotides (60 nt) are
functionalized with interacting molecules, and hybridized to specific locations on a single-stranded
DNA scaffold (M13mp18, 7,249 nt). These DNA nanoswitches report molecular associations and
dissociations through induced topological changes. Exploiting the ability to separate DNA based on
topologyg, the different interaction states can be easily resolved as distinct bands on a gel (data not
shown).

These nanoswitches have several important features. Their programmable nature enables
precise control over relative concentrations and stoichiometries on a per molecule basis. The large
DNA construct causes interaction-triggered topological changes to yield distinct and repeatable gel
shifts, even with the integration of large proteinss. Additionally, the size of the DNA allows for the
incorporation of thousands of dye molecules, dramatically amplifying the signal per interaction, and
making readout of the nanoswitches orders of magnitude more sensitive than most other techniques
(data not shown). Together, these features make this a versatile, accessible, and inexpensive tool for
studying multi-molecular interactions.

By monitoring changes in the nanoswitch states over time, we can determine equilibrium
and kinetic rate-constants for a variety of molecular systems using standard gel electrophoresis.
Loop closure over time is used to determine association rate-constants, while loop opening over
time, in the presence of a competitor, is used to determine the dissociation rate-constant (data not
shown). These kinetic processes take place in solution and are “quenched” to halt kinetics at various
time points, with the gel acting as a post-experiment readout, enabling experimental conditions that

are independent of gel running conditions. Ease of readout and other nanoswitch characteristics can
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be optimized by tuning key design parameters, including oligonucleotide length, ligand positioning,
reaction concentrations, and temperatures (online methods).

We first assessed the nanoswitch platform using the ubiquitous biotin-streptavidin system.
At physiological salt conditions and 25°C, we measured a dissociation time of 9.7 + 0.4 days (all
values are reported as the error-weighted fit parameter + its one-sigma confidence interval), closely
matching previously reported values’. To demonstrate parallel exploration of a broad range of
experimental conditions, we measured off-rates at 16 different conditions, by measuring the fraction
dissociated at 6 time points per condition, and running all 96 samples on a single gel (data not
shown). Each condition showed exponential decay over time, yielding 16 uniquely determined off-
rates ranging from 0.8 hours to 3 months with an uncertainty typically less than 10% (data not
shown). Dissociation kinetics varied nearly 1,000 fold over our temperature range (4-50 °C) but
only about 2 fold over our salt range (25-500 mM) (data not shown). Based on these results, we
present a semi-empirical model for dissociation kinetics between streptavidin and biotin-labeled

oligonucleotides from 25 °C to 50 °C and 25 mM to 500 mM NacCl:

Te (42.4—1873,00—0.033\/7)

kog ~

Where ks is the value of the off-rate in s"l, T is the value of the absolute temperature in K,
and I is the value of the ionic strength of the solution in mM (data not shown). This model does not
describe the behavior at 4 °C, presumably due to temperature dependent changes in heat capacitylo.

On-rate kinetics were measured, at a variety of temperatures, by monitoring loop formation
over time. Loop closure occurs through two separate binding events, the binding of a molecule
from solution to the nanoswitch, and then the closing of the loop. Thus, we fit loop closure data to a
two-step kinetic model to extract these rates (data not shown). At 150 mM salt we measured a
room-temperature on-rate of 4.0 £ 0.7 x 10°M s Combining our on-rate and off-rate
measurements, we calculated a dissociation constant of 2.94 +(0.51 x 101 M, an equilibrium free
energy change, AG?, of -17.1 + 0.1 kcal/mol, and an equilibrium enthalpy change, AH, of 26.01 +
0.05 kcal/mol (data not shown). In general, our measurements are consistent with values reported in
the literature (data not shown). Specifically, we are within 15% of the reported off-rate of a biotin-

labelled oligonucleotideQ, within 30% of on-rate measurements from SPR”, and within 5% of both
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equilibrium AH measurements by ITC'" and equilibrium AG measurements made by monitoring
kinetics of radiolabeled biotin"?.

Without modifying the DNA construct, we were also able to measure kinetic and
equilibrium properties for avidin and Neutravidin (data not shown). Although Neutravidin’s
affinity for biotin is 20 times weaker than avidin’s, they surprisingly have similar off-rates (data not
shown), underscoring the limitation of relying solely on affinity measurements to characterize an
interaction.

To demonstrate the measurement of weaker interactions, we incorporated desthiobiotin, a
biosynthetic precursor to biotin that binds streptavidin with far lower affinity14. By optimizing gel
running conditions, we resolved the looped and unlooped constructs in as little as 6 minutes,
measuring the off-rate of streptavidin-desthiobiotin as 35.3 + 7.5 minutes at 4 °C and 8.6 £ 1.2
minutes at room temperature (data not shown). We note that while the system is ideal for
quantification of long lived interactions, even those out of the range of biacore (data not shown), the
time required to resolve the bands in a gel currently sets the lower limit of detectable dissociation
life-times to minutes.

The modularity of the DNA construct facilitates the easy incorporation of different types of
molecules. We exploited this feature to measure several biologically relevant interactions including
enzymes with time constants of seconds to minutes, DNA, antibodies, small molecules, and even a
covalent bond taking weeks to dissociate (data not shown). As with many techniques including
SPR, assay preparation requires the derivatization of at least one molecule of interest. Here, we
attach our molecule to a DNA oligonucleotide, which can be accomplished using a variety of
techniques. In addition to SMCC—crosslinkingS, we previously described the use of click-chemistry
to attach peptides to oligonucleotides, and the use of the enzyme sortase’ to rapidly and efficiently
attach proteins to our nanoswitches while preserving protein function'®.

The platform’s versatility is facilitated by its universal readout—even as the molecules,
temperatures, and buffer conditions for the interactions change, the “signature” gel readout does
not. As an extreme example of this, we characterized the reduction of a disulfide bond at 25°C in
10uM TCEP yielding a time constant of 2.6 + 0.4 weeks (data not shown). Since the signal per
molecule is only dependent on the nanoswitch size, this two-atom system yields the same level of

signal per interaction as a 150kDa antibody binding to its antigen (data not shown).
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Additionally, the programmability of these nanoswitches enables the design of multiple
topological states that are individually distinguished on a gel, facilitating the analysis of complex
multicomponent interactions (data not shown). We engineered nanoswitches with three integrated
ligands, placed strategically to form two asymmetric loops when simultaneously bound by a bi-
specific receptor. The resulting nanoswitch adopts 5 resolvable states that can be identified with
control experiments (data not shown). We measured bi-directional transitions for all 5 states, thus
determining all rate constants (data not shown). This ability to monitor the fraction of molecules
populating each state over time would be difficult or impossible to achieve with most other
measurement techniques.

This new approach expands the biomedical researcher’s toolbox, enabling low-cost,
accessible, and parallel multicomponent biomolecular interaction analysis using a basic laboratory
technique, gel electrophoresis. We have demonstrated our platform’s ability to characterize
interactions with time constants ranging from seconds to months (~6 orders of magnitude), for a
wide variety of molecular interactions, temperatures and buffer conditions (data not shown). The
signals are robust and highly amplified, giving detection limits in the range of attomoles and
allowing quantitative kinetic- and thermodynamic-analysis of proteins as shown here with
femtomoles of material (~1ng for a 50kDa protein). In contrast to other techniques that provide one
signal to analyze (e.g. SPR, radiolabeling, and ITC), we further differentiate our technique by
showing independent measurement of 5 signals simultaneously in a unique multidimensional
readout, allowing complete characterization of a complex 5-state system. The modularity and
programmability of the nanoswitches affords control over the relative concentrations and
stoichiometries of interacting components, independent of the nanoswitch concentration. This
feature suggests that in addition to monitoring reactions, this system could be used as a template-
directed synthesis technique to control complex reactions. Overall, this unique lab-on-a-molecule
platform promises to be a powerful research tool, accessible to anyone able to perform gel

electrophoresis.
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Nl B e Y O

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
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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,
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



10

15

20

25

WO 2016/196824 PCT/US2016/035563

- 45 -

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

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 method comprising

allowing a target to contact and bind to a candidate target-specific ligand comprising a
nucleic acid barcode, wherein the target and the candidate target-specific ligand are linked to a
nucleic acid complex,

isolating a target bound to a candidate target-specific ligand, and
identifying the candidate target-specific ligand,

wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide is linked to the target and a second single-stranded oligonucleotide is linked to the

candidate target-specific ligand.

2. The method of claim 1, further comprising a plurality of candidate target-specific ligands,
each comprising a unique barcode, and a plurality of nucleic acid complexes, and wherein the
method is a method of screening candidate target-specific ligands for the ability to bind to the

target.

3. A method comprising

providing a nucleic acid complex conjugated to a target and a candidate target-specific
ligand comprising a nucleic acid barcode,

incubating the nucleic acid complex in solution for a sufficient time to allow the target to
bind to the candidate target-specific ligand,

isolating the nucleic acid complex having the target bound to the candidate target-specific
ligand, and

identifying the candidate target-specific ligand,

wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide is linked to the target and a second single-stranded oligonucleotide is linked to the

candidate target-specific ligand.
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4. The method of any one of claims 1-3, wherein the candidate target-specific ligand comprises
an aptamer.
5. The method of claim 4, wherein the aptamer is or comprises the nucleic acid barcode.
6. The method of any one of claims 1-5, wherein the candidate target-specific ligand comprises
an amine modification, optionally at its 3* end.
7. The method of any one of claims 1-6, further comprising crosslinking the candidate target-

specific ligand to the bound target prior to isolating.

8. The method of any one of claims 1-3, wherein the candidate target-specific ligand comprises

a DNA-encoded macrocycle.

9. The method of claim 8, wherein the candidate target-specific ligand is linked to the nucleic

acid complex through a bridge oligonucleotide.

10. The method of claim 9, wherein the bridge oligonucleotide comprises a first region that
hybridizes to the scaffold of the nucleic acid complex and a second region that hybridizes to the

DNA-encoded macrocycle.

11. The method of claim 10, wherein the second region comprises deoxyinosine bases capable

of binding to A, C, T and G nucleotide bases.

12. The method of claim 9, 10 or 11, wherein the bridge oligonucleotide comprises an amino-

modification at its 3’ end.

13. The method of any one of claims 1-3, wherein the candidate target-specific ligand comprises

an mRNA-displayed nanobody.
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14. The method of claim 13, wherein the mRNA-displayed nanobody comprises a linker
comprising a 3’ terminal puromycin and a deoxythymine nucleotide modified with a methyl-

tetrazine.

15. The method of claim 14, wherein the scaffold of the nucleic acid complex comprises a trans-

cyclooctene modification.

16. The method of claim 15, wherein the mRNA-displayed nanobody is attached to the nucleic
acid complex through a reaction between the methyl-tetrazine on the linker and the trans-

cyclooctene modification on the scaffold.

17. The method of any one of claims 1-16, wherein the nucleic acid complex is further

conjugated to a decoy.

18. The method of claim 17, wherein the target and the decoy are structurally similar but not

identical to each other.

19. The method of claim 17, wherein the target and the decoy are members of a protein family.

20. The method of any one of claims 1-19, wherein the method is a drug screening method
comprising a plurality of nucleic acid complexes each comprising an identical target and a different

candidate target-specific ligand itself having a unique barcode.

21. A method comprising

contacting (1) a nucleic acid complex conjugated to a first binding partner and a second
binding partner with (2) a candidate allosteric ligand conjugated to a nucleic acid barcode,

isolating a nucleic acid complex having the first binding partner bound to the second binding
partner and to the candidate allosteric ligand, and

identifying the candidate allosteric ligand,
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wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid hybridized to a
plurality of single-stranded oligonucleotides, wherein a first single-stranded oligonucleotide in the
plurality is linked to the first binding partner and a second single-stranded oligonucleotide in the

plurality is linked to the second binding partner.

22. The method of claim 21, wherein the first binding partner and the second binding partner do

not bind to each other unless the candidate allosteric ligand is bound to the first binding partner.

23. The method of claim 21 or 22, wherein contacting occurs in solution.

24. The method of claim 21, 22 or 23, wherein the nucleic acid complex is isolated using gel
electrophoresis.

25. The method of any one of claims 21-24, wherein the candidate allosteric ligand is identified

by the nucleic acid barcode.

26. The method of any one of claims 21-25, wherein the candidate allosteric ligand is identified

using nucleic acid sequencing and/or nucleic acid amplification.

27. The method of any one of claims 21-26, wherein the first binding partner and the second
binding partner are covalently linked to the first and second single-stranded oligonucleotides

respectively.

28. The method of any one of claims 21-27, wherein the candidate allosteric ligand is in

solution.

29. The method of any one of claims 21-28, wherein the candidate allosteric ligand is linked to a

third single-stranded oligonucleotide in the nucleic acid complex.
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30. The method of any one of claims 21-29, further comprising covalently attaching the

candidate allosteric ligand to the first binding partner after the contacting step.

31. The method of any one of claims 21-30, further comprising forming a loop between the
regions of the nucleic acid complex located at or near the allosteric ligand and the first binding

partner after the contacting step.

32. The method of any one claims 21-31, further comprising crosslinking the candidate

allosteric ligand to the first binding partner after the contacting step.

33. A method comprising

contacting (1) a plurality of nucleic acid complexes each conjugated to a first binding
partner and a second binding partner with (2) a plurality of candidate allosteric ligands each
conjugated to a distinct/unique nucleic acid barcode,

physically separating (1) nucleic acid complexes having the first binding partner bound to
the second binding partner and to the candidate allosteric ligand from (2) other nucleic acid
complexes, and

identifying the candidate allosteric ligand bound to the first binding partner,

wherein each nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide in the plurality is linked to the first binding partner and a second single-stranded

oligonucleotide in the plurality is linked to the second binding partner.

34. The method of claim 33, wherein the first binding partner and the second binding partner do

not bind to each other unless the candidate allosteric ligand is bound to the first binding partner.

35. The method of claim 33 or 34, wherein contacting occurs in solution.

36. The method of claim 33, 34 or 35, wherein the nucleic acid complexes are physically

separated using gel electrophoresis.
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37. The method of any one of claims 33-36, wherein the candidate allosteric ligand bound to the

first binding partner is identified by its distinct/unique nucleic acid barcode.

38. The method of any one of claims 33-37, wherein the candidate allosteric ligand is identified

using nucleic acid sequencing and/or nucleic acid amplification.
39. The method of any one of claims 33-38, wherein the first binding partner and the second
binding partner are covalently linked to the first and second single-stranded oligonucleotides

respectively.

40. The method of any one of claims 33-39, wherein the candidate allosteric ligand is in

solution.

41. The method of any one of claims 33-40, wherein the nucleic acid complexes are identical to

each other.

42. The method of any one of claims 33-41, wherein the candidate allosteric ligand is linked to

the nucleic acid complex.

43. The method of claim 42, wherein the nucleic acid complexes are not identical to each other.

44, The method of any one of claims 33-43, wherein the plurality of candidate allosteric ligands

is a library of candidate allosteric ligands.

45. The method of any one of claims 33-44, further comprising covalently attaching the

candidate allosteric ligand to the first binding partner after the contacting step.

46. The method of any one of claims 33-45, further comprising crosslinking the candidate

allosteric ligand to the first binding partner after the contacting step.
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47. A method comprising
allowing a candidate target-specific ligand to contact and bind to a target or a decoy,
wherein the candidate target-specific ligand is conjugated to a nucleic acid barcode, and wherein the
candidate target-specific ligand, the target and the decoy are linked to a nucleic acid complex,
isolating a candidate target-specific ligand bound to a target using gel electrophoresis,
identifying the candidate target-specific ligand,
wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide is linked to the target, a second single-stranded oligonucleotide is linked to the

decoy, and a third single-stranded oligonucleotide is linked to the candidate target-specific ligand.

48. A method comprising

providing a nucleic acid complex conjugated to a target, a decoy, and a candidate target-
specific ligand conjugated to a nucleic acid barcode,

allowing the candidate target-specific ligand to bind to the target or the decoy,

isolating a nucleic acid complex comprising the target bound to the candidate target-specific
ligand, and

identifying the candidate target-specific ligand,
wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid hybridized to a
plurality of single-stranded oligonucleotides, wherein a first single-stranded oligonucleotide 1s
linked to the target, a second single-stranded oligonucleotide is linked to the decoy, and a third

single-stranded oligonucleotide is linked to the candidate target-specific ligand.

49. The method of claim 47 or 48, wherein contacting occurs in solution.

50. The method of claim 47 or 48, wherein the nucleic acid complex is isolated using gel

electrophoresis.
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51. The method of any one of claims 47-50, wherein the candidate target-specific ligand is
identified by the nucleic acid barcode.
52. The method of any one of claims 47-51, wherein the candidate target-specific ligand is

identified using nucleic acid sequencing and/or nucleic acid amplification.

53. The method of any one of claims 47-52, wherein the target and the decoy are structurally

related to each other.

54. The method of any one of claims 47-53, wherein the target and the decoy are members of a

protein family.

55. The method of any one of claims 47-54, wherein the target, the decoy and/or the candidate
target-specific ligand is/are covalently linked to the first, second and third single-stranded

oligonucleotides respectively.

56. The method of any one of claims 47-55, further comprising covalently attaching the

candidate target-specific ligand to the target after the contacting step.

57. The method of any one of claims 47-56, further comprising crosslinking the candidate

target-specific ligand to the target after the contacting step.

58. A method comprising

incubating a plurality of nucleic acid complexes each conjugated to a target, a decoy and a
candidate target-specific ligand conjugated to a distinct/unique nucleic acid barcode,

physically separating (1) nucleic acid complexes having the target bound to the candidate
target-specific ligand from (2) other nucleic acid complexes, and

identifying the candidate target-specific ligand bound to the target,
wherein each nucleic acid complex comprises a single-stranded scaffold nucleic acid hybridized to a

plurality of single-stranded oligonucleotides, wherein a first single-stranded oligonucleotide in the
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plurality is linked to the target, a second single-stranded oligonucleotide in the plurality is linked to
the decoy, and a third single-stranded oligonucleotide in the plurality is linked to the candidate

target-specific ligand.

59. The method of claim 58, wherein contacting occurs in solution.

60. The method of claim 58 or 59, wherein the nucleic acid complexes are physically separated

using gel electrophoresis.

61. The method of any one of claims 58-60, wherein the candidate target-specific ligand bound

to the target is identified by its distinct/unique nucleic acid barcode.

62. The method of any one of claims 58-61, wherein the candidate target-specific ligand is

identified using nucleic acid sequencing and/or nucleic acid amplification.

63. The method of any one of claims 58-62, wherein the target and the decoy are covalently

conjugated to the nucleic acid complex.

64. The method of any one of claims 58-63, wherein the candidate target-specific ligand is

covalently conjugated to the nucleic acid complex.

65. The method of claim 64, wherein each nucleic acid complex differs from other nucleic acid
complexes in the plurality by the candidate target-specific ligand conjugated to the distinct/unique

nucleic acid barcode.

66. The method of any one of claims 58-65, wherein candidate target-specific ligand is

conjugated to the nucleic acid complex through the distinct/unique nucleic acid barcode.

67. The method of any one of claims 58-66, further comprising covalently attaching the

candidate target-specific ligand to the target after the contacting step.
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68. The method of any one of claims 58-67, further comprising crosslinking the candidate

target-specific ligand to the target after the contacting step.

69. A method comprising

contacting a target with a candidate allosteric ligand conjugated to a nucleic acid barcode,
wherein the target and optionally the candidate allosteric ligand are bound to a nucleic acid complex
that is further bound to an active-target-specific binding partner and an inactive-target-specific
binding partner,

isolating a target bound to a candidate allosteric ligand and an active-target-specific binding
partner, and

identifying the candidate allosteric ligand bound to the target,

wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded
oligonucleotide is linked to the target and a second single-stranded oligonucleotide is linked to the

active-target-specific binding partner.

70. The method of claim 69, wherein the candidate allosteric ligand is linked to a third single-

stranded oligonucleotide in the nucleic acid complex.

71. The method of claim 69 or 70, wherein the candidate allosteric ligand is in solution.

72. The method of any one of claims 69-71, wherein the candidate allosteric ligand is covalently

linked to the bound target prior to isolating.

73. The method of any one of claims 69-72, wherein the target is covalently linked to the bound

active-target-specific binding partner prior to isolating.

74. The method of any one of claims 69-73, wherein a target bound to a candidate allosteric

ligand and an active-target-specific binding partner is isolated using gel electrophoresis.



10

15

20

25

30

WO 2016/196824 PCT/US2016/035563

-56 -

75. A method comprising

combining a scaffold nucleic acid with a plurality of single-stranded oligonucleotides, each
single-stranded oligonucleotide having a nucleotide sequence complementary to a sequence of the
scaffold nucleic acid, under conditions that allow the single-stranded oligonucleotides to hybridize
to the scaffold nucleic acid in a sequence-specific manner without overlap, to form a nucleic acid
complex,

wherein a first single-stranded oligonucleotide in the plurality is conjugated to a target and a
second single-stranded oligonucleotide in the plurality is conjugated to a candidate ligand

comprising a nucleic acid barcode.

76. The method of claim 75, wherein the candidate ligand is an aptamer.
77. The method of claim 76, wherein the aptamer is or comprises the nucleic acid barcode.
78. The method of any one of claims 75-77, wherein the aptamer comprises an amine

modification, optionally at its 3* end.

79. The method of claim 75, wherein the candidate ligand comprises a DNA-encoded

macrocycle.

80. The method of claim 79, wherein the second single-stranded oligonucleotide comprises a
first region that hybridizes to the scaffold nucleic acid and a second region that hybridizes to the

DNA-encoded macrocycle.

81. The method of claim 80, wherein the second region comprises deoxyinosine bases capable

of binding to A, C, T and G nucleotide bases.

82. The method of any one of claims 79-81, wherein the second single-stranded oligonucleotide

comprises an amino-modification at its 3” end.
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83. The method of claim 75, wherein the candidate ligand comprises an mRNA-displayed

nanobody.

84. The method of claim 83, wherein the mRNA-displayed nanobody comprises a linker
comprising a 3’ terminal puromycin and a deoxythymine nucleotide modified with a methyl-

tetrazine.

85. The method of claim 75, wherein the scaffold nucleic acid comprises a trans-cyclooctene

modification.

86. The method of any one of claims 75-85, wherein a third single-stranded oligonucleotide in

the plurality is conjugated to a decoy.

87. The method of claim 86, wherein the target and the decoy are structurally similar but not

identical to each other.

88. The method of claim 86, wherein the target and the decoy are members of a protein family.

89. The method of any one of claims 75-88, wherein the single-stranded oligonucleotides in the
plurality are present in an equimolar concentration that is about 10-fold greater than the molar

concentration of the scaffold nucleic acid.

90. A composition comprising

a plurality of nucleic acid complexes each having bound thereto a DNA barcoded library
member, wherein the nucleic acid complex comprises a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, wherein a first single-stranded

oligonucleotide is linked to the DNA barcoded library member.
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91. The composition of claim 90, wherein the DNA barcoded library member is a barcoded
aptamer, a DNA barcoded macrocycle, a barcoded mRNA display nanobody, or a barcoded small

molecule.

92. The composition of claim 90 or 91, wherein the nucleic acid complexes comprise an

identical target .

93. The composition of claim 90 or 91, wherein the nucleic acids complexes comprise an

identical first binding partner and second binding partner.
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