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NUCLEIC ACID-BASED LINKERS FOR
DETECTING AND MEASURING INTERACTIONS

FEDERALLY SPONSORED RESEARCH
This invention was made with U.S. Government support under grant number
ROIDCO02281 awarded by the National Institutes of Health. The U.S. Government has certain

rights in the invention.

RELATED APPLICATIONS
This application claims the benefit under 35 U.S.C. § 119(e) of U.S. provisional
application serial number 62/088,592, filed December 6, 2014, which is incorporated by

reference herein in its entirety.

BACKGROUND

The ability to precisely manipulate individual molecules has led to stunning new
discoveries in physics, biology, and medicine (Deniz A. A. ef al. (2008) J. R. Soc. Interface, 5:
15; Ritort F. er al. (2006) J. Phys.: Condens. Matter 18: R531), as well as powerful new methods
in nanoscale engineering. For example, single-molecule force measurements have revealed the
basic mechanical properties of nucleic acids (Bustamante C. ef al. Nature 421: 423-7), the
dynamics and functioning of molecular motors (Svoboda K. ef al. (1993) Nature 365: 721-7;
Greenleat W. J. er al. (2007) Annu. Rev. Biophys. Biomol. Struct. 36: 171), and the role of
hydrodynamic forces in the circulatory system in regulating enzymatic activity (Zhang X. et al.
(2009) Science 324: 1330). In addition, these measurements have yielded fundamental insights
into the dynamical strength of molecular interactions (Evans E. (2001) Annu. Rev. Biophys.
Biomol. Struct. 30: 105-28), which have led to the development of creative new tools for
nanoscale assembly (Kufer S. K. et al. (2008) Science 319: 594).

Mechanical forces can be applied to individual molecules using a broad range of tools,
including optical traps, magnetic tweezers, mechanical cantilevers, and the centrifuge force
microscope (Neuman K. C. et al. (2008) Nature Methods 5: 491-505; Halvorsen K. et al. (2010)
Biophys. J. 98: L53-5). Yet a common requirement of these methods is that single-molecule
constructs must be specifically tethered between two surfaces (e.g., beads, cover slips or

cantilevers) to enable their manipulation and detection. This leads to one of the major
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challenges in single-molecule experimentation—verifying that exactly one molecular tether is
being pulled, and distinguishing this tether from non-specific and unintended interactions that
may occur (e.g., surface—surface interactions, formation of multiple bonds). The success and
reliability of single-molecule experiments depends upon the creation of reliable, verifiable and
robust linking techniques. This is particularly important for bond rupture studies (e.g.,
characterizing the strength of molecular adhesion bonds (Evans E. er al. (1997) Biophys. J. 72:
1541-55), DNA base pairing (Strunz T. ef al. Proc. Natl Acad. Sci. 96: 11277), and cell
adhesion and signaling (Evans E. A. et al. (2007) Science 316: 1148)), as the dissociation
between two molecules can be difficult to positively identify due to the lack of an obvious

mechanical signature.

SUMMARY

The invention provides, inter alia, compositions comprising a switchable single-
molecule linker comprised of two members of a binding pair, such as a receptor and a ligand,
integrated onto a nucleic acid (e.g., DNA backbone), methods of making such linkers, and
methods of using such linkers, including for example in single-molecule force studies and as
molecular on-rate or off-rate sensors using, for example, standard gel electrophoresis. In
important embodiments, the complexes provided herein comprise three of more binding
partners, wherein the three binding partners interact with each other and/or with other binding
partners provided in soluble form or themselves linked to the complex.

The ability to manipulate and observe single biological molecules has led to both
fundamental scientific discoveries and new methods in nanoscale engineering. A common
challenge in many single-molecule experiments is reliably linking molecules to surfaces and
identifying and monitoring their interactions. The invention overcomes this challenge by
providing a novel nano-engineered nucleic acid based linker (e.g., a DNA-based linker) that
behaves as a force-activated switch, providing a molecular signature that can eliminate errant
data arising from non-specific and multiple interactions.

It is to be understood that, for convenience, the invention may refer to the linker of the
invention as being “DNA-based”. These recitations are not to be construed as limiting the
nature of the linker to solely DNA. Accordingly, the DNA-based compositions of the invention
are to be construed as exemplary embodiments of the nucleic acid based compositions of the

invention.
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By integrating both members of a binding pair, such as a receptor and a ligand, into a
single piece of DNA using for example DNA self-assembly, a single tether can be positively
identified by topological changes (as observed through gel electrophoresis), and binding pair
interactions, such as receptor-ligand binding and unbinding, can be easily identified by a gel
shifts. Additionally, under proper conditions the exact same pair of molecules can be repeatedly
bound and unbound. The approach is simple, versatile and modular, and can be easily
implemented using standard commercial reagents and laboratory equipment. This single-
molecule mechanical switch paves the way for high-throughput serial measurements, high-
throughput identification of binding partners for targets of interest, single-molecule on-rate and
off-rate studies, investigations of population heterogeneity, and detection of analytes in samples
including low concentration analytes not easily detected heretofore and diagnostic applications
relating thereto.

As an example, the linker of the invention, which is referred to herein interchangeably as
a nucleic acid complex, may be used as a molecular off-rate (and possibly on-rate) sensor. It
was discovered that the two states of the linker (which may be referred to herein as the bound
and unbound states or the closed and open states) migrate differently on a standard
electrophoresis gel, giving a direct measure of the percentage of bound and unbound product.
The following protocol can then be used to measure the off-rate between the receptor and ligand:
1) create stock of linker molecule, 2) add excess ligand or receptor to force all unbound linkers
to remain unbound, 3) use a crosslinking agent (e.g., photoactive crosslinker) to "freeze" the
bound product at different times, 4) run a gel and measure the decrease in bound products over
time. This has been demonstrated successfully, inter alia, where the receptor and ligand are
opposite DNA strands that hybridize to each other, and for antigen and antibody binding.

Accordingly, in one aspect, the invention provides 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 in the plurality is linked to a
first binding partner, a second single-stranded oligonucleotide in the plurality is linked to a
second binding partner, and a third single-stranded oligonucleotide in the plurality is linked to a
third binding partner. It is to be understood that the scaffold nucleic acid and the
oligonucleotides are referred to as being single-stranded prior to their hybridization to each

other.
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As used herein, regions that are internal to the scaffold, exclude the most 5° and the most
3’ nucleotides of the scaffold.

The second binding partner may be known to have affinity for the first binding partner.
The second binding partner may be known or unknown (e.g., it may be a library member that is
being screened for binding affinity for the first binding partner). The third binding partner may
be known to have affinity for the first binding partner or the second binding partner.

In some embodiments, the first, second and/or third binding partners are not nucleic acid
in nature. In some embodiments, the first, second and/or third binding partners are amino acid
in nature (e.g., they may be peptides, proteins or protein fragments).

In some embodiments, the binding partners may be receptors and ligands of the
receptors. In some embodiments, the binding partners may be antibody or an antigen-binding
antibody fragment and antigen pairs. It is to be understood that the binding partners may be
used in an isolated form (e.g., physically separate from components or moieties with which they
naturally occur). In some embodiments, they may be bound to a support such as a cell (e.g., a
cell surface receptor or ligand).

In some embodiments, the functionalized single-stranded oligonucleotides such as the
first, second, third, and optionally fourth single-stranded oligonucleotides, are separated from
each other by at least about 500, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 5000 or more
nucleotides. In some embodiments, the functionalized single-stranded oligonucleotides such as
the first single-stranded oligonucleotide and the second single-stranded oligonucleotide are
located about equi-distant about the center of the scaffold nucleic acid. In some embodiments,
the functionalized single-stranded oligonucleotides bind to regions of the scaffold nucleic acid
that are internal to the scaffold (i.e., such regions exclude the most 5° and the most 3’
nucleotides of the scaffold).

In some embodiments, a third single-stranded oligonucleotide in the plurality is linked to
a third binding partner. In some embodiments, a fourth single-stranded oligonucleotide in the
plurality is linked to a fourth binding partner. It is to be understood that the terms first, second,
third and fourth, are intended to distinguish between the various binding partners being
discussed and are not intended to limit the number, arrangement, or combination of binding
partners bound to the scaffold nucleic acid (and thus incorporated into the complex) or to
connote the position of the binding partner relative to the other binding partner(s) or to the

complex as a whole (e.g., the first oligonucleotide or the first binding partner need not be at the
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5’ or 3’ end of the complex, and rather may be internally located). In some embodiments, the
“internal” binding partners may be different between complexes in a plurality. In some
embodiments, the internal binding partners may be the same between complexes in a plurality.
The internal binding partners may interact with each other or with other moieties in the complex,
or they may interact with moieties in the sample.

In some embodiments, the nucleic acid complex may comprise three or more internal
binding partners.

In some embodiments, the oligonucleotides of the plurality may be of equal or about
equal length. The oligonucleotides may be at least about 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
120, or more nucleotides in length. The complexity of the plurality of oligonucleotides (i.e., the
number of different oligonucleotides in the plurality) will depend in part on the length of the
oligonucleotides. In some embodiments, the plurality will consist of at least 20, 30, 40, 50, 60,
70, 80, 90, 100, 110, 120, 130, 140, 150, or more different oligonucleotides. In some
embodiments, the single-stranded oligonucleotides are about 60 nucleotides in length.

In various aspects and embodiments described herein, the scaffold nucleic acid is the
single-stranded M 13 bacteriophage genome.

Also provided herein is a method comprising placing a nucleic acid complex comprising
a first and a second binding partner and a third and a fourth binding partner under conditions that
allow for binding of the first and second binding partners to each other and the third and fourth
binding partners to each other, and detecting binding or a change in binding between the first
and second binding partners and/or between the third and fourth binding partners using gel
electrophoresis, wherein binding of the first and second binding partners to each other results in
formation of a first loop and binding of the third and fourth binding partners to each other results
in formation of a second loop, wherein the first and second loop are asymmetric to each other.
In this as in other embodiments described herein, 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, a second single-stranded oligonucleotide in the plurality is linked to the second binding
partner, a third single-stranded oligonucleotide in the plurality is linked to the third binding
partner, and a fourth single-stranded oligonucleotide in the plurality is linked to the fourth

binding partner. Binding includes direct binding between two binding partners as well as
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indirect binding in which two binding partners bind to an intermediate moiety such as an
analyte.

Also provided is a method comprising placing a nucleic acid complex comprising first,
second and third second binding partners under conditions that allow for binding of the first and
third binding partners to each other and/or binding of the second and third binding partners to
each other, and detecting binding or a change in binding between the first and third binding
partners and/or between the second and third binding partners using gel electrophoresis, wherein
binding of the first and third binding partners to each other results in formation of a first loop
and binding of the second and third binding partners to each other results in formation of a
second loop, wherein the first and second loop are asymmetric to each other. 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, a second single-stranded oligonucleotide in the plurality is
linked to the second binding partner, and a third single-stranded oligonucleotide in the plurality
is linked to the third binding partner.

Also provided is a method comprising determining two or more molecular interactions
by detecting topological changes in a nucleic acid complex that comprises a single-stranded
scaffold nucleic acid hybridized to a plurality of single-stranded oligonucleotides, wherein three
or more binding partners are separately linked to single-stranded oligonucleotides, using gel
electrophoresis, wherein the complex assumes a distinct topology for each molecular interaction.

Also provided is use of 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 in the plurality is linked to a first binding partner, a second single-
stranded oligonucleotide in the plurality is linked to a second binding partner, and a third single-
stranded oligonucleotide in the plurality is linked to a third binding partner, for measuring
association and/or dissociation kinetics between the first and second binding partners and/or
between the first and second binding partners.

Also provided is use of a nucleic acid complex comprising a single-stranded scaffold
nucleic acid hybridized to a plurality of single-stranded oligonucleotides, for measuring
association and/or dissociation kinetics for a plurality of binding pairs, wherein each member of

a binding pair is linked to a separate single-stranded oligonucleotide.
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Also provided is a nucleic acid complex comprising a single-stranded scaffold nucleic
acid hybridized to a plurality of single-stranded oligonucleotides, and wherein a first single-
stranded oligonucleotide in the plurality is linked to a first binding partner, a second single-
stranded oligonucleotide in the plurality is linked to a second binding partner, and a third single-
stranded oligonucleotide in the plurality is linked to a third binding partner, and optionally
wherein a fourth single-stranded oligonucleotide in the plurality is linked to a fourth binding

partner§

In some embodiments, the first, second, third and fourth binding partners are covalently
linked to separate oligonucleotides that are hybridized to a single scaffold nucleic acid.

In some embodiments, the first or second binding partner is a library member, and/or
wherein the third or fourth binding partner is a library member.

In some embodiments, the single-stranded oligonucleotides are each about 60
nucleotides in length.

In some embodiments, the binding partners are ligands, antigens, and receptors. In some
embodiments, the binding partners are proteins or nucleic acids. In some embodiments, the
binding partners are antibodies or antibody fragments.

In some embodiments, the binding pair is comprised of a receptor and a ligand for the
receptor. In some embodiments, the binding pair is comprised of two nucleic acids. In some
embodiments, the first binding partner and the second binding partner are a binding pair. In
some embodiments, the first binding partner is an antibody or an antigen-binding antibody
fragment and the second binding partner is an antigen bound by the antibody or the antigen-
binding fragment.

In some embodiments, the first binding partner and the second binding partner are
identical to each other. In some embodiments, the first and second binding partners have
binding affinity for an analyte that is neither the first nor the second binding partner.

In some embodiments, the first single-stranded oligonucleotide and the second single-
stranded oligonucleotide are separated from each other by about 1000, 2000, 2500, or 3000
nucleotides.

In some embodiments, the first single-stranded oligonucleotide and the second single-
stranded oligonucleotide are located about equi-distant from the center of the scaffold nucleic

acid.



10

15

20

25

30

WO 2016/089588 PCT/US2015/060952

-8-

Also provided is a composition comprising a plurality of any of the foregoing nucleic
acid complexes. In some embodiments, the nucleic acid complexes in the plurality comprise the
same binding partners.

Also provided is a composition comprising any of the foregoing nucleic acid complexes,
and a solid support. In some embodiments, the nucleic acid complex is linked to the solid
support. In some embodiments, the solid support is a bead.

Also provided is a kit comprising a single-stranded scaffold nucleic acid, and a plurality
of single-stranded oligonucleotides, and further comprising a first single-stranded
oligonucleotide linked to a first binding partner, a second single-stranded oligonucleotide linked
to a second binding partner, a third single-stranded oligonucleotide linked to a third binding
partner, and optionally a fourth single-stranded oligonucleotide linked to a fourth binding
partner.

In some embodiments, the first, second, third and/or fourth single-stranded
oligonucleotides are housed separately from the plurality of single-stranded oligonucleotides.

In some embodiments, the kit further comprises a solid support. In some embodiments,
the solid support is a bead.

Also provided is a method comprising combining any of the foregoing nucleic acid
complexes comprising a first and a second binding partner with a sample, under conditions that
allow for binding of the first and second binding partners to an analyte that is neither the first
nor the second binding partner, and detecting binding of the first and the second binding partners
to the analyte, if present in the sample, wherein the analyte is present at an attomolar
concentration.

In some embodiments, binding of the first and the second binding partners to the analyte
is detected using gel electrophoresis.

In some embodiments, the analyte is early pregnancy factor, and the method is a method
of determining pregnancy.

In some embodiments, a binding partner is linked covalently to an oligonucleotide. In
some embodiments, a binding partner is linked non-covalently to an oligonucleotide.

In another aspect, the invention provides a composition comprising one or more of any
of the foregoing nucleic acid complexes. The plurality may be homogeneous (where all the
complexes are identical) or it may be heterogeneous (where at least one complex is different

from the others).
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In another aspect, the invention provides a kit comprising a single-stranded scaffold
nucleic acid, and a plurality of single-stranded oligonucleotides, each having a sequence
complementary to a sequence on the scaffold nucleic acid, wherein when the oligonucleotides
are hybridized to the scaffold nucleic acid no overlap exists between the oligonucleotides.

In some embodiments, the kit comprises oligos 001-121, as provided in FIG. 1A. In
some embodiments, the kit comprises oligos 001A, 002-120 and 121A as provided in FIG. 1A.
In some embodiments, the kit further comprises a solid support, such as but not limited to a bead
(e.g., a magnetic bead).

In some embodiments, one or both binding partners are known. In some embodiments,
one binding partner is a member of a library of putative binding partners and the method is
intended as a screening method to identify binding partners with affinity for a particular target
(i.e., the other binding partner) or as a comparison of a plurality of putative or known binding
partners based on affinity. Accordingly, in some embodiments, the binding partners are known
to have affinity for each other, while in other embodiments, it may not be known a priori
whether they have affinity for each other, or the degree of affinity (i.e., the binding strength) in a
given pair may not be known.

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

detail herein.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A. Sequences of all oligonucleotides used. The numbered oligonucleotides cover
the entire sequence of the M 13 scaffold strand, and the lettered strands are functionalized or
special purpose oligonucleotides. The bridge oligonucleotides are labeled red for regions that
bind M13 bases 1950-1980, green for regions that bind starting at M 13 base 2580, and blue for
regions that bind starting at M 13 base 4560. Oligonucleotides numbers 001-121 (corresponding
to SEQ ID NOs. 1-121) are those used to form the nucleic acid complexes of the invention.
These oligonucleotides span the entire length of the M13 template. The nucleotide sequence of
the M 13 template can be found in US Patent Application Publication 20070117109 and in
Rothemund P. W. K. (2006) Nature 440: 297-302. Oligonucleotide numbers 000A, 001A,
033A, 044A and 121A correspond to SEQ ID NOs. 122-126, respectively. Oligonucleotide
numbers 033-044A-D and 033-077A-D correspond to SEQ ID NOs. 127-134, respectively.
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FIG. 1B. Single-molecule linking geometries: a cartoon showing receptor—ligand
unbinding using a looped linker.

FIG. 2A. Looped linker construction using DNA origami: circular single-stranded DNA
is enzymatically cleaved at a single site and mixed with over 100 oligonucleotides to self-
assemble into a looped linker with functional groups.

FIG. 2B. Looped linker construction using DNA origami. Circular single-stranded DNA
is enzymatically cleaved at a single site and mixed with over 100 oligonucleotides to self-
assemble into a looped linker held together by a single ““bridge" or " staple” oligonucleotide.

FIG. 3A. Verification of DNA bridge looped linker. Top: gel electrophoresis on a 0.7%
agarose gel at 5 V cm-1 for 2 h, stained with SYBR® gold. Bottom: single-molecule pulling
trajectories demonstrating the sudden increase in tether length that signifies bond rupture events.
The inset shows a histogram of the change in tether length for the 2580 bp (red) and 600 bp
(black) looped linkers.

FIG. 3B. Gel verification of antibody-oligonucleotide conjugation. The left hand lanes
show chemical conjugation of the oligonucleotide with polyclonal and monoclonal antibody,
respectively. The right hand lane is a mixture of digoxigenin labeled oligonucleotide and anti-
digoxigenin without chemical conjugation.

FIG. 4. Single-molecule force spectroscopy results for the rupture of (left) DNA
hybridization and (right) antibody—antigen interactions. Left: rupture force histogram for
shearing a 20 bp DNA segment, demonstrating the filtering of erroneous data via the looped
linker molecular signature. Right: survival trajectory for digoxigenin against its antibody under
constant force, with results of maximum likelihood estimation superimposed.

FIG. 5. Trajectory demonstrating repeated rupture and formation of a single receptor—
ligand pair (digoxigenin with its monoclonal antibody): (left) force versus time and (right) force
versus extension traces for repeated cycles of force application and release. Bond rupture events
are observable by a sudden drop in force and an increase in tether length, as demarcated by red
arrows. Rebinding/bond formation during a low force clamp can be observed by subsequent
bond rupture under the application of force.

FIG. 6. (A) is a photograph of an electrophoretic gel showing the bound and unbound
conformations in the presence of psoralen at various times. (B) is a graph of the fraction of
complex that is bound (or looped) as a function of time. (C) is a photograph of an

electrophoretic gel showing the closed conformation of a complex comprising digoxin and anti-
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digoxigenin binding partners (left lane) and the loss of the closed conformation upon addition of
excess anti-digoxigenin antibody.

FIG. 7. Demonstration of molecular kinetics with a nanoswitch. (A) The DNA
nanoswitch has two distinct states, depending on the binding of a receptor-ligand pair, that can
be distinguished by gel electrophoresis, (B) In the presence of excess ligand, a nanoswitch in the
bound state will become trapped in the unbound state upon dissociation. (C) Dissociation of
biotin-streptavidin at 50 °C and 150 mM NaCl causes the amount of looped product to decrease
over time (see gel image). The amount of looped construct is quantified from the gel to
determine the kinetics of dissociation. (D) Looped constructs comprising two biotin oligos were
made in the presence of streptavidin (t = 0), followed by quenching in the presence of excess
biotin at various time. These data can be used to determine on-rate and dissociation constant
Kd.

FIG. 8. Biotin-Streptavidin-Biotin dissociation kinetics. An array of 16 different
experimental conditions were tested on a single 96-well gel. Each of four combs has a different
salt, and within each comb are experiments at four temperatures. Dissociation was measured at
5 different times: 0.2, 1, 5, 25, and 125 hours. An expanded view of one salt condition shows
widely varying off-rates with temperature. The resulting data are summarized in the table,
showing time constants ranging from less than 1 hour to over 1000 hours.

FIG. 9: Kinetic measurements using DNA nanoswitches. a) The two states of the DNA
nanoswitches can be distinguished by gel electrophoresis. b) With two integrated biotins, loop
formation begins when unlabeled streptavidin is introduced, and progresses over time as
evidenced by increasing brightness in the bound (looped) band across different lanes of a gel.
The growth curve is fit with a kinetic model to determine the on rate. c) Addition of excess
biotin blocks loop formation, making bond rupture irreversible, which leads to the exponential
decay of nanoswitches from the bound state into the unbound state. d) Temperature dependence
of on rates and off rates at 150mM NaCl. Horizontal error bars represent uncertainty in mixing
time (+ 2 seconds), and vertical error bars indicate + 7% uncertainty in the intensity (this is the
one-sigma confidence interval determined from 48 repeated measurements of the same
construct).

FIG. 10. Various biological measurements using the nanoswitch platform. Schematic
representation of each measurement, with data and model fit shown beneath. a) Disulfide bond

reduction in 10uM TCEP at room temperature (koff = 2.6 + 0.4 weeks). b) Biotin-streptavidin



10

15

20

25

30

WO 2016/089588 PCT/US2015/060952

-12 -

dissociation in 300mM NaCl at room temperature (koff = 6.8 = 0.8 days). ¢) Dissociation
kinetics of digoxigenin and its antibody at room temperature (koff = 18.5 £ 2.0 hours). d)
Melting kinetics of a 20nt oligonucleotide at 50°C (koff = 18 + 1.6 hours). e) Sortase-catalyzed
transpeptidation at room temperature (kligation = 11 + 1.3min). f) Xhol restriction-enzyme
kinetics at room temperature (kcut = 48 + 2 sec). Each value is reported as an error-weighted fit
parameter + its one-sigma confidence interval).

FIG. 11. Multistate kinetic analysis. a) A nanoswitch functionalized with two
digoxigenin molecules and one biotin molecule 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. b) A reaction diagram illustrating the possible transitions between each of the 5 states.
c) (left) on-rate measurements indicating the value of each state at 20 different time points. Solid
curves indicate the result of a global fit of all states to the kinetic model illustrated in c. (right)
off-rate measurements indicating the value of each state at 12 different time points. Solid curves
indicate the result of a global fit of all states to the kinetic model illustrated in b. These fits taken
together allowed for the determination of all rate constants from 32 lanes which can be run on a
single gel. Error bars are based on one-sigma confidence-intervals of the least squares fit to each
band. The on-rate model was fit using 100 measurements while the off-rate model was fit using
60 measurements.

FIG. 12. DNA nanoswitch analyte detection platform schematic. Functionalized DNA
undergoes a conformational change in the presence of the target analyte. The band locations, and
signal per-molecule are constant and largely independent of the size of the analyte of interest.
The scenarios provided in A-C have been verified with seven different interacting molecular

pairs.

DETAILED DESCRIPTION
The invention relates broadly to nucleic acid based complexes comprising double-
stranded nucleic acid and one or more various types of binding partners for targets of interest.
Also provided are methods of using such complexes to determine kinetics of binding

interactions, such as on- and/or off-rates, to determine affinities of binding interactions, to
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identify new binding partners for targets of interest, to detect one or more targets in a sample,
and to encrypt and decrypt messages, among other things.

The invention provides in part a single-molecule attachment technique that facilitates
reliable and accurate single-molecule force measurements. Using DNA self-assembly
techniques, a unique linker has been nano-engineered that behaves as a force-activated single-
molecule switch. This switch changes conformation under force to signify bond rupture,
providing an identifiable molecular signature that distinguishes between the presence and
absence of a binding interaction between binding partners, thereby eliminating the possibility of
accidentally measuring nonspecific, multiple and unknown interactions. Furthermore, this
construct enables the same pair of binding partners to be brought back together following
rupture, opening the way to at least high-throughput serial measurements, single-molecule on-
rate and off-rates determination, analysis of population heterogeneity, and identification of new
binding partners for targets of interest. The approach provided herein is simple, versatile and
modular, and can be easily implemented using standard commercial reagents and laboratory
equipment.

Also presented herein in various aspects are applications and methods that utilize the
linker construct to measure chemical kinetics and force-dependent kinetics of molecular
interactions, to detect the presence of molecules and reagents, to screen collections of molecules
for particular targets of interest, and to encrypt and decrypt information, inter alia.

Certain complexes of the invention are constructed using DNA origami methods
(Rothemund P. W. K. (2006) Nature 440: 297-302; Douglas S. M. et al. (2009) Nature 459:
414-8). By mixing a long piece of single-stranded DNA with a carefully designed mixture of
oligonucleotides, looped single-molecule linkers are constructed via DNA self-assembly. In
some embodiments, the complexes comprise an integrated binding pair (e.g., a receptor—ligand
pair) (for example, FIG. 2A). As used herein, the terms linker and complex are used
interchangeably.

Certain complexes (or linkers) of the invention 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 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.
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The invention refers to the scaffold nucleic acid hybridized to a plurality of
oligonucleotides as a nucleic acid complex. Such complexes may be at least 50%, at least 60%,
at least 70%, at least 80%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or 100% double-stranded. In some embodiments, they are at least 80% double
stranded. The complexes of the invention may therefore comprise double-stranded and single-
stranded regions. As used herein, a double-stranded region is a region in which all nucleotides
on the scaffold are hybridized to their complementary nucleotides on the oligonucleotide. These
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. The invention contemplates the use of
complexes having one or more single-stranded regions in between double-stranded regions
(typically as a result of unhybridized nucleotides in between adjacent hybridized
oligonucleotides).

In some instances, the nucleic acid complex is formed by first hybridizing unmodified
(or fixed) oligonucleotides to the scaffold nucleic acid to form a nucleic acid complex
intermediate, and then hybridizing modified (or variable) 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.

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, to be detected, and to be
distinguished from other events. 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. 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. In some embodiments, including those involving a gel electrophoresis readout,
the scaffold nucleic acid may be at least 40, at least 50, at least 60, at least 70, at least 80, at least
90, at least 100, at least 200, at least 300, at least 400, at least 500, at least 600, at least 700, at



10

15

20

25

30

WO 2016/089588 PCT/US2015/060952

- 15 -

least 800, or at least 900 nucleotides in length. The scaffold nucleic acid may therefore be 100-
1000 nucleotides in length, or 100-300 nucleotides in length, without limitation. In some
embodiments, the scaffold is about or less than 200 nucleotides in length. In some
embodiments, the scaffold and oligonucleotides are chosen and the binding partners are
positioned to yield loops of about 40-100 base pairs. 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.

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 complex may comprise varying lengths of double-stranded regions. As a
non-limiting example, 90% or more, including 95%, 96%, 97%, 98%, 99% and 100 % of the
scaffold nucleic acid may be hybridized to oligonucleotides. It is to be understood that the
scaffold may also comprise a plurality of nicks that are typically located between bound
oligonucleotides. The length and the number of oligonucleotides used may vary. It will be
understood that the greater the length of the oligonucleotides, the fewer that will be needed to
hybridize to the scaffold nucleic acid. 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 about 10, about 15,
about 20, about 30, 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 about 50, about
60, 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, without limitation.
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The number of oligonucleotides hybridized to a particular scaffold may vary depending
on the application. Accordingly, there may be 2 or more oligonucleotides hybridized to the
scaffold, including 3,4, 5, 6,7, 8, 9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500,
600, 700, 800, 900, or 1000 or more oligonucleotides. It will be understood that the number of
oligonucleotides will depend in part on the application, the length of the scaffold, and the length
of the oligonucleotides themselves.

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 binding partners such as the binding partners that the linkers are designed to test
(e.g., an antibody or an antigen) and the binding partners used to immobilize the linker onto a
solid support such as but not limited to a bead (e.g., biotin). The majority of oligonucleotides
hybridized to a scaffold nucleic acid may be unmodified. Unmodified oligonucleotides may be
referred to herein as “fixed” oligonucleotides.

Other oligonucleotides hybridized to the scaffold may be modified. Modified
oligonucleotides include those that are linked to binding partners that the linkers are designed to
test (e.g., a receptor and/or its ligand, an antibody and/or its antigen, etc.). Modified
oligonucleotides also include those that are modified and thus used to immobilize the complex
(or linker) onto a solid support such as but not limited to a bead. Such modified
oligonucleotides including biotinylated oligonucleotides. Modified oligonucleotides may be
referred to herein as “variable” oligonucleotides since these oligonucleotides may be modified
by linking to a variety of binding partners depending on the method of use.

Regions comprising scaffold hybridized to unmodified oligonucleotides may be referred
to herein as “fixed” 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 immobilize the complex to a solid support such as a bead. The modified
oligonucleotides internal to the complex may be linked individually to members of a binding

pair (i.e., each of the two oligonucleotides is linked to a member of the binding pair such that the
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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).

In some embodiments, the invention contemplates the use of a plurality of complexes
each comprising the same binding pair. The difference between the complexes in the plurality is
the distance between the binding pair members (i.e., the binding partners). For example, the
plurality may comprise complexes in which the distance between the binding pair members is
300 base pairs, 200 base pairs, 150 base pairs, 100 base pairs, 80 base pairs, 60 base pairs, and
40 base pairs. The complexes are then analyzed for their ability to form looped structures based
on interaction between the binding partners. It is expected that as the distance between the
binding partners decreases, a greater internal force is exerted on the binding interaction.
Accordingly, the binding interaction will continue until the internal force becomes too great and
the complex assumes the more energetically favorable linear state. The kinetics and strength of
a binding interaction between two binding partners can be analyzed using this approach.

Importantly, the distance between the internal modified oligonucleotides will be used to
distinguish association and dissociation between binding partners linked to the complex. This is
because when the binding partners are associated with each other, a loop will be formed
comprising the double-stranded, nicked nucleic acid sequence that exists between the binding
partners. When the binding partners are not associated to each other (i.e., unbound), then the
loop does not form and the complex length is different. The complex length may be detected by
direct measurements, for example, under tension, as described herein. When measured under
tension, the transition from associated to dissociated binding partners is indicated by an increase
in length of the complex. The length of the complex, in this and related aspects, intends the
shortest distance between the two ends of the complex and is to be distinguished from the
apparent length (discussed below) which is determined using gel electrophoresis and the length
of the scaffold nucleic acid (which will not change as a result of association and disassociation
of a binding pair). When measured using gel electrophoresis, the transition from associated to
dissociated binding partners (or vice versa) is indicated by a difference in migration distance
through the gel. In some instances, the transition from associated to dissociated binding partners
(and thus closed to open states) is indicated by an increase in the migration distance through the

gel (e.g., akin to a shorter nucleic acid). As shown in FIG. 3A, a circular scaffold such as
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circular M13 migrates the slowest, a linearized double-stranded version of M13 (without
binding partner association) migrates fastest, and complexes having associated binding partners
(i.e., having looped conformations) migrate in between. Importantly, the migration pattern
differs based on the length of the loop, with loops that are on the order of about 2590 base pairs
clearly distinguishable from loops that are on the order of about 600 base pairs.

The ability to distinguish loops of differing sizes facilitates the use of multiple
complexes in a single assay where one or subsets of complexes (all having the same loop size)
are specific for a particular analyte in a sample. In these aspects of the invention, the binding
partners bound to the complex do not bind to each other but rather bind to the same analyte.
Accordingly, in the presence of the analyte a loop is formed while in the absence of the analyte
no loop is formed. The looped (or closed or bound) complex migrates to a different degree than
does the linear (or open or unbound) complex. Additionally, loops of different sizes can be
distinguished from each other and as a result the presence (or absence) of a multiple analytes
(each detected by a complex having a loop of a particular size) can be determined
simultaneously in a multiplexed assay. Such methods may be used to detect the presence of a
single or multiple analytes and may form the basis of a diagnostic assay.

It is to be understood that the invention intends several variations on the nucleic acid
complexes described herein. Typically, these variations all commonly comprise a nucleic acid
complex having two or more binding partners. The binding partners may have binding
specificity for each other or they may have binding specificity for a common analyte. Several of
the methods of the invention rely on the association and/or dissociation of binding partners. A
change in the complex (e.g., from an open to a closed conformation or from a closed to an open
conformation) provides information about the kinetics and strength of the binding interaction.
The binding partners may be non-covalently or covalently bound to the complex. Typically,
even if the binding partners are not bound to each other, they are nevertheless bound to the
nucleic acid complex.

Thus, in a first variation, the nucleic acid complex comprises two binding partners
having binding specificity for each other. The binding partners are physically separate and thus
spaced apart from each other along the length of the complex (i.e., when not bound to each
other). When bound to each other, the nucleic acid complex assumes a looped (or closed or
bound) conformation having a different length, including a different apparent length, compared

to the nucleic acid complex in an open (or unbound) conformation.
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In another variation, the nucleic acid complex comprises two binding partners having
binding specificity for a common analyte. The binding partners are physically separate and thus
spaced apart from each other (when not bound to the common analyte). When bound to the
common analyte, the nucleic acid complex assumes a looped (or closed or bound) conformation
having a different length, including a different apparent length, compared to the nucleic acid
complex in an open (or unbound) conformation.

The invention further contemplates that a nucleic complex may comprise more than two
linked binding partners. The number of binding partners may be 2, 4 or more. In some
embodiments, pairs of binding partners are provided, with each pair having binding specificity
for each other (i.e., rather than binding specificity for a common analyte). The location or
arrangement of the binding partners may vary and may include serially positioned binding pairs
or nested binding pairs, or combinations thereof. As an example, assume that Al and A2 are a
binding pair (e.g., first and second binding partners) and B1 and B2 are a different binding pair
(e.g., third and fourth binding partners), then these may be arranged as 5> — A1 - A2 —-B1 - B2 -
3’, or they may be arranged as 5 - Al -B1 - B2 - A2 -3’.

The invention further contemplates that the binding partners in a pair may be both
known, or one may be known and the other may be unknown. As an example of the latter
instance, one binding partner may be a known moiety (e.g., a receptor) and the other binding
partner may be a member of a library that is being screened for its binding affinity to the known
moiety. The library may be an aptamer library and the member that binds with sufficient
affinity to the known moiety may be identified by isolating the complex from a gel
electrophoresis band, amplifying and sequencing.

In a second variation, the nucleic acid complex is used together with a non-covalently
bound nucleic acid (e.g., a bridge oligonucleotide) that hybridizes to two non-contiguous regions
of the scaffold nucleic acid, thereby creating a looped conformation in the nucleic acid complex.
The invention contemplates that a single complex may be used together with 1, 2 or more bridge
oligonucleotides. As an example, assume that A1 and A2 are the two non-contiguous regions to
which a first bridge oligonucleotide binds and B1 and B2 are the two non-contiguous regions to
which a second bridge oligonucleotide binds, then these regions may be arranged as 5° - Al —
A2 - Bl -B2 -3, or they may be arranged as 5> — A1 —B1 —B2 - A2 - 3’.

The invention contemplates that oligonucleotides bearing binding partners of a binding

pair (or alternatively non-contiguous regions to which a bridge oligonucleotide may bind) may
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be located internally within the complex or they may be located at or near the terminal ends of
the nucleic acid complex. Accordingly, in some instances, the oligonucleotide that is most 5° on
the complex and the oligonucleotide that is the most 3* on the complex may each be linked to a
member of a binding pair (e.g., first and second binding partners having affinity for each other).
In similar embodiments, the 5° and/or 3’ penultimate oligonucleotides in the complex may each
be linked to a member of a binding pair. In these embodiments, the association of the binding
partners will circularize or nearly circularize the complex. In these embodiments, the
oligonucleotides linked to binding partners may or may not be additionally linked to another
moiety such as an immobilization moiety such as biotin (see below). Transitions between
associated and dissociated binding partners (and thus closed and open conformations,
respectively) may be detected in a variety of ways including but not limited to gel
electrophoresis. When gel electrophoresis is used, a transition from closed to open
conformations (and vice versa) may be determined by a change in migration distance. Other
ways of detecting transition between closed and open conformations (and vice versa) include but
are not limited to optical tweezers, magnetic tweezers, tethered particle motion, a centrifuge
force microscope as described in published PCT patent application WO2011/153211, atomic
force microscopy (AFM), and light microscopy. As an example, if optical tweezers are used, the
complex can be designed such that the most 3’ oligonucleotide could be linked to one substrate
(such as a bead) and the most 5° oligonucleotide could be linked to another substrate (such as a
glass coverslip). Changes in length resulting from a change in binding between binding partners
can be observed as a change in distance between the two substrates (e.g., between the bead and
the coverslip). It is to be understood that the invention contemplates measuring binding changes
(and thus changes in length of the complex) in the presence of an external force (e.g., under
tension) or in the absence of such force. Still other approaches contemplated by the invention
include directly detecting changes in length using single molecule fluorescence imaging,
detecting changes in the average rheological properties of a solution of the complexes of the
invention, and monitoring changes in hydrodynamic radius using dynamic light scattering.

The invention further contemplates the use of a DNA crosslinking agent to increase the
strength of the complex. DNA crosslinking agents are known in the art and include without
limitation psoralen. The complexes may also be exposed to crosslinking irradiation. In some
embodiments, the crosslinked complexes may less likely to dissociate themselves when under

tension or under other conditions that are intended to test the affinity of binding partners linked
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thereto. In still other instances, the invention contemplates crosslinking amino acid based
moieties such as certain binding partners (e.g., to the complex). Protein crosslinking agents are
known in the art and include without limitation NHS-diazirine (SDA).

The invention also contemplates labeling of the nucleic acid complex, the scaffold
nucleic acid, any of the plurality of oligonucleotides, and/or the binding partners linked thereto.
Labeling intends that any of these components are linked to a moiety that may be used to
immobilize (permanently or transiently), detect, manipulate and/or modify. Moieties that are
used to immobilize are described herein, are known in the art, and include without limitation
biotin and avidin or derivatives thereof. Moieties that are used to detect are often times referred
to as detectable moieties. Such moieties are also known in the art, and they include without
limitation fluorophores, chromophores, radioisotopes, magnetic particles, enzyme substrates,
and the like.

The complexes of the invention, in some instances, comprise oligonucleotides that are
linked to a binding partner such as for example an antibody or an antigen (and may be referred
to herein as modified oligonucleotides). The linkage between the oligonucleotide and the
binding partner may be covalent or non-covalent depending on the strength of binding required
for a particular application. These modified oligonucleotides may be generated by first
incorporating a reactive group (or moiety) into the oligonucleotide, preferably at or near one of
its ends, and then reacting this group (or moiety) with the binding partner of interest which may
or may not be modified itself. An example of such a conjugation protocol is provided herein.
Suitable reactive groups are known in the art. Examples of reactive groups that can covalently
conjugate to other reactive groups (leading to an irreversible conjugation) include but are not
limited to amine groups (which react to, for example, esters to produce amides), carboxylic
acids, amides, carbonyls (such as aldehydes, ketones, acyl chlorides, carboxylic acids, esters and
amides) and alcohols. Those of ordinary skill in the art will be familiar with other “covalent”
reactive groups. Examples of reactive groups that non-covalently conjugate to other molecules
(leading to a reversible conjugation) include biotin and avidin or streptavidin reactive groups
(which react with each other), antibody (or antibody fragment) reactive groups and antigens,
receptors and receptor ligands, aptamers and aptamer ligands, nucleic acids and their
complements, and the like. Virtually any reactive group is amenable to the methods of the
invention, provided it participates in an interaction of sufficient affinity to prevent dissociation

of the binding partner from its oligonucleotide.
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It is to be understood that the scaffold nucleic acid and the oligonucleotides of the
invention may be DNA or RNA in nature, or some combination thereof, or some analog or
derivative thereof. The term nucleic acid refers to a polymeric form of nucleotides of any
length, including deoxyribonucleotides, ribonucleotides, or analogs thereof. In some
embodiments, the nucleic acids will be DNA in nature, and may optionally comprise
modifications at their 5° end and/or their 3’ end.

In some embodiments, the binding partners may include without limitation antibodies (or
antibody fragments) and antigens, receptors and ligands, aptamers and aptamer receptors,

nucleic acids and their complements, and the like.

Methods of Use

The nucleic acid complexes of the invention, including single-molecule linkers or
complexes, can be used in myriad applications, including for example, measuring the kinetics of
molecular interactions, identifying molecular binding partners (from a known or unknown
candidates), and encrypting and decrypting information. Various additional aspects of the
invention are described below.

Various methods of the invention detect changes in binding based on a change in length
of the complex. As described herein, changes in length may be measuring using any number of
methods including but not limited to gel electrophoresis, single molecule force probes such as
optical tweezers, magnetic tweezers, tethered particle motion, atomic force microscope (AFM),

centrifuge force microscopy (CFM), and single molecule fluorescence imaging.

Competitive binding assays to measure molecular/chemical kinetics. Some aspects of
the invention provide methods of measuring the kinetics of molecular interactions using the
nucleic acid complexes described herein. As described above, a nucleic acid complex can exist
in one of two conformational states: bound or unbound. These conformational states may be
referred to as closed and open, respectively. As an example, a nucleic acid complex that
comprises a pair of binding partners having specificity to each other (e.g., ligand and receptor) is
in its open state if the binding partners do not bind to each other and the scaffold nucleic acid
remains linear. A nucleic acid complex is in its closed state if the binding partners bind to each
other and the scaffold nucleic acid forms a looped conformation. By monitoring the change in

these states, the kinetics of the binding interaction between the binding partners can be
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determined. In some embodiments, the conformational state can be resolved on an
electrophoretic gel, as described elsewhere herein. In other embodiments, the conformational
state can be resolved using single-molecule force probes, including but not limited to optical
tweezers, magnetic tweezers, tethered particle motion, atomic force microscopy (AFM),
centrifuge force microscope (CFM). In other embodiments, the conformational state can be
observed directly using single-molecule fluorescence imaging.

The following protocol can be used to measure the kinetics (e.g., off-rate) of molecular
binding partners on a linker: 1) providing a nucleic acid complex that comprises two binding
partners (e.g., A and A’) bound to each other (i.e., in a closed conformation), 2) add excess of a
soluble form of one binding partner (A) that will bind to its binding complement (A”) when the
A-A’ bound to the complex dissociate from each other, essentially fixing the dissociated
complex in an open conformation, 3) determine the conformational state of the complexes over a
period of time in order to determine the off-rate of the A-A’ interaction. With time, the closed
conformation will convert to the open conformation. The rate at which that conversion occurs is
an indicator of the strength of binding between those binding partners. The soluble form of the
binding partner (A) may be present at a 2-fold, 3-fold, 5-fold, 10-fold, 50-fold, 100-fold, or more
excess over the amount (or concentration) of the complex-bound form of the binding partner
(A).

FIGs. 7 and 8 demonstrate the formation of looped constructs. FIG. 7D, for example,
illustrates the formation of looped constructs having two biotins in the presence of streptavidin
(t=0). Excess biotin was added at various times in order to quench the re-formation of looped
constructs following their natural dissociation under the particular conditions. These data can be
used to determine the on-rate, and thus also the dissociation constant Kd, of binding pairs such
as biotin and streptavidin. Preliminary analysis of these particular data yields a Kd on the order
of
107, which is the same as reported in the literature.

FIGs. 6A and B show the results of an assay using an excess of bridge oligonucleotide.
The excess bridge oligonucleotide competes with the hybridized bridge oligonucleotide for
binding to the complex. This experiment was carried out at elevated temperature in order to
accelerate the kinetics. The bridge oligonucleotide was 50 nucleotides in length. The
competition assay could also be carried out using excess oligonucleotide that is complementary

to the bridge oligonucleotide.
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FIG. 6C shows the results of an assay using an excess of antibody. In this assay, the
binding partners bound to the complex are digoxin and anti-digoxigenin antibody. In the
absence of excess anti-digoxigenin antibody, the closed complex is formed, as shown by the
presence of a band in FIG. 6C (left lane). In the presence of excess anti-digoxigenin antibody,
the complex converts to an open state as indicated by the loss of the band corresponding to the
closed state, as shown in FIG. 6C (right lane).

In some embodiments, the protocol may include the use a photoactive crosslinker such as
psoralen to preserve the complex conformation at different times prior to sampling.
Crosslinking provides a “snapshot” of how much of the complex is in a bound/closed state at
any given time and may be necessary to preserve the conformation in instances where the
kinetics are faster than the gel running time. Other photoactive or non-photoactive crosslinking

agents can be used in the methods provided herein.

Internal mechanical force as a measure of force-dependent kinetics. Some aspects of the
invention provide methods of measuring force-dependent kinetics of binding interactions using
the nucleic acid complexes described herein by creating a force that is internal to the complex
(rather than applying an external force as can be done using optical tweezers or magnetic
tweezers, for example). This method takes advantage of “internal” mechanical forces that are
created when a double-stranded nucleic acid is circularized. (Shroff et al. Biophysical Society
(2008) 94:2179-86) Changing the length of a nucleic acid loop varies the internal force of the
complex, with force increasing as the length decreases. For example, binding partners on a
scaffold nucleic acid that are separated by approximately 200 to 300 nucleotides will easily bind
to form a closed loop configuration because there is very little, if any, internal force created by
the loop. On the other hand, the same binding partners when separated by shorter distances will
less readily form a closed loop conformation (and when formed, may more readily dissociate) as
the force imposed by the scaffold nucleic acid approaches, is similar to, and/or exceeds the
binding strength between the binding partners.

The following protocol can be used to measure the force-dependent kinetics of binding
partners on a complex: 1) provide a plurality of complexes, each complex within the plurality
comprising the same binding partner pair, wherein the number of nucleotides separating the
binding partners on a scaffold nucleic acid varies within the plurality, and 2) determine the

presence of bound versus unbound complexes as a function of separating distance, using for
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example gel electrophoresis. It is expected that as the loop length decreases, the ratio of bound to
unbound complexes will decrease also. In some embodiments, the protocol may include the use
a photoactive crosslinker such as psoralen to “freeze” complex conformation at different times
prior to sampling the complexes. Other photoactive or non-photoactive crosslinking agents can
be used in the methods provided herein. In some embodiments, the protocol can include the
initial formation of a loop that predominantly consists of single-stranded DNA. To generate
tension within these loops, oligonucleotides complimentary to portions of the looped scaffold
regions are added and allowed to hybridize to the scaffold, thereby generated a mechanical force
upon hybridization and formation of double-stranded regions within the loop. The force can be
therefore be precisely and finely varied in time and magnitude by varying the amount of double-
stranded versus single-stranded nucleic acid in the loop. (Shroff, Liphardt ef al., Nano Letters
2005.)

A similar approach may be taken using bridge oligonucleotides. Thus, in some
embodiments, a nucleic acid complex comprises a bridge oligonucleotide that hybridizes to two
non-contiguous sequences of the scaffold nucleic acid. In embodiments where the bridge
oligonucleotides binds to non-contiguous regions of the linker, the distance between the non-
contiguous sequences may be varied among the complexes such that the internal force of the
closed loop configuration varies, accordingly.

In some embodiments, the number of nucleotides separating the binding partners, or
separating the two non-contiguous sequences to which a bridge oligonucleotide binds, is at least
5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120,
125, 130, 135, 140, 145, 150, 155, 160, 165, 170, 175, 180, 185, 190, 195, 200, 205, 210, 215,
220, 225, 230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280, 285, 290, 295, 300 or more
nucleotides. In some embodiments, the distance is 40-100 nucleotides. Suitable distances will
vary based on the application and will depend on the size of the binding partners, the degree of
single- and double-strandedness of the looped region, the use of linkers to attach the binding

partners to oligonucleotides within the complex, and the like.

Analyte detection. Some aspects of the invention provide methods for detecting the
presence of an analyte of interest in a sample using the nucleic acid complexes described herein.
In these aspects, the complex comprises two binding partners that have specificity for the same

analyte. The binding partners may be identical to each other, provided that they can both bind to
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the analyte simultaneously. As an example, they may be identical antibodies provided the
antigen to which they bind has several epitopes that can be bound by the antibodies
simultaneously without interference. The binding partners may be different from each other but
have binding affinity for the same analyte. As an example, they may be antibodies that bind to
different epitopes on the same antigen provided they can bind to the antigen simultaneously
without interference. The bound and unbound conformation of the complex can be used to
determine the presence and absence of an analyte in a sample, respectively. If the analyte is
present, the binding partners that are attached to the scaffold nucleic acid will bind to the analyte
to form a closed loop conformation. In the absence of the analyte, binding will not occur, and
the complex will remain open.

The following protocol can be used to detect an analyte in a sample: 1) combine a
sample with a complex comprising binding partners of the analyte (e.g., antibodies to the
analyte), and 2) determine the conformation of the complex for example by gel electrophoresis.
Detection of a closed loop conformation is an indication that the analyte is present in the sample
and binds to the two binding partners bound to the scaffold nucleic acid. As described herein, in
other embodiments, the conformational state can be resolved using single-molecule force
probes, including but not limited to optical tweezers, magnetic tweezers, tethered particle
motion, atomic force microscopy (AFM), centrifuge force microscope (CFM). In other
embodiments, the conformational state can be observed directly using single-molecule

fluorescence imaging.

Screening methods and identification of binding partners. Some aspects of the invention
provide methods for screening a collection of nucleic acid based binding partners such as but not
limited to aptamers for a target binding partner using the nucleic acid complexes described
herein. By attaching a known moiety and a candidate binding partner to different regions of the
scaffold nucleic acid, and determining whether a looped conformation is formed between the
two, a binding partner to the known moiety can be identified. If the candidate binding partner is
a true binding partner of the known moiety, then it will bind to the known moiety, and the
complex will form a closed loop conformation. If the candidate binding partner has virtually no
affinity for the known moiety, the complex will remain open.

The following protocol can be used to screen for binding partners on a complex: 1)

provide a collection of complexes that comprise a known moiety (e.g., a target molecule) and a



10

15

20

25

30

WO 2016/089588 PCT/US2015/060952

=27 -

unknown candidate binding partner (e.g., an aptamer from a library of aptamers), and 2)
determine the conformation of the complex at one or more times for example by gel
electrophoresis. Detection of a closed loop conformation is an indication that the candidate
binding partner has affinity for the known moiety. It is also possible to order a number of
candidate binding partners based on their degree of affinity for the known moiety. In other
embodiments, the conformational state can be resolved using single-molecule force probes,
including but not limited to optical tweezers, magnetic tweezers, tethered particle motion,
atomic force microscopy (AFM), centrifuge force microscope (CFM). In other embodiments,

the conformational state can be observed directly using single-molecule fluorescence imaging.

Force-Measuring Technologies

As discussed herein, various methods of the invention involve detecting interactions
between binding partners by detecting changes in length of the nucleic acid complexes. Binding
interactions, changes in complex length, transitions from open to closed (or closed to open)
conformations, and kinetic modifications, inter alia, may be detected or determined using a
number of methodologies including but not limited to gel electrophoresis, atomic force
microscopy (AFM), optical tweezers, magnetic tweezers, tethered particle motion, centrifuge
force microscopes (CFM), mechanical cantilevers, and the like. These methodologies are
known in the art and some are described briefly below. It is to be understood that any of these
methodologies can be used in conjunction with the various methods provided herein.

Atomic force microscopy. The force between two binding partners on a linker can be
measured by atomic force microscopy (AFM) or scanning force microscopy (SFM). In some
embodiments, AFM can be used to measure single molecule linker stretching and rupture forces.
In some embodiments, the force measured may be on the order of a few picoNewtons (pN). In
some embodiments, AFM is performed with either static or dynamic modes.

Optical tweezers. The force between two binding partners on a linker can be measured
using optical tweezers (also referred to as a “single-beam gradient force trap™). Optical tweezers
use a highly focused laser beam to provide an attractive or repulsive force (typically on the order
of pN), depending on the refractive index mismatch, to physically hold and move microscopic
dielectric objects, such as nucleic acids. In some embodiments, optical tweezers are used to

manipulate a linker by exerting extremely small forces via a highly focused laser beam.
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In some embodiments, optical traps can be used to detect nucleic acid displacement as a
measure of molecular force. The optical trap may be used herein to manipulate and study single
molecule linkers by interacting with a bead that has been attached to the linker.

Magnetic tweezers. The force between two binding partners on a linker can be measured
using magnetic tweezers (MT). Magnetic tweezers exert force and torque to a molecule such as
a nucleic acid complex of the invention. The extension of a molecule corresponds to its
response to the applied stress. In some embodiments, a single linker is attached at one end to a
tethering surface and at the other to a magnetic microparticle. The magnetic tweezers apparatus
is equipped with magnets that are used to manipulate the magnetic particles whose position is
measured with a video microscopy.

Centrifuge force microscopy. The force between two binding partners on a linker can be
measured using centrifuge force microscopy (CFM). CEM exerts force to a molecule such as a
nucleic acid complex of the invention using centrifugal force. The extension of a molecule
corresponds to its response to the applied stress. In some embodiments, a complex is attached at
one end to a tethering surface and at the other to a particle that can be visualized using for
example light microscopy. The position of the particle and its movement relative to the
tethering surface may be observed and measured as a function of the centrifugal force applied to
the complex.

Other mechanical force-measuring technologies may be used with the embodiments

described herein, for example, mechanical cantilevers, and the like.

EXAMPLES

Example 1. Switchable Single Molecular Linkers
Materials and Methods

Linker design and construction: All oligonucleotides were purchased from Bioneer,
Inc., with the exception of the 5° double-biotin oligonucleotide (Integrated DNA Technologies),
the digoxigenin oligonucleotides (Integrated DNA Technologies), and a few plain
oligonucleotides ordered with next-day service (Invitrogen).

The full sequence of all the oligonucleotides used are shown in FIG. 1A and are based on
the M 13 sequence given by New England Biolabs and used for previous DNA origami work.

The oligonucleotides are stored at 100 uM at -20 °C, and all mixing of oligonucleotides is done
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at these stock concentrations unless noted. We will refer to the numbering throughout this
section as we explain the construction of the various linkers.

Two different kinds of linkers were designed and assembled based on techniques
outlined from previous DNA origami work (Rothemund P. W. K. (2006); Douglas S. M. et al.
(2009)). Both linkers incorporate functional ‘sticky’ ends (we used double biotin on both ends)
which act as anchors for single-molecule experiments, as well as two functional sites near the
middle of the linker to form the loop. One set of constructs forms the loop by hybridizing a
single ‘bridge’ oligonucleotide across two distinct locations, while the other set used two
separate oligonucleotides each functionalized with digoxigenin or anti-digoxigenin, which can
bind to each other as a receptor—ligand pair to form the loop.

To make these linkers, M13mp18 single-stranded DNA (New England Biolabs) was first
linearized by hybridizing a 40-nucleotide oligonucleotide to form a double-stranded region and
then cleaving this region with BtsCI restriction enzyme (New England Biolabs). The linearized
single-stranded DNA was then mixed with complimentary oligonucleotides (Bioneer, Inc.) and
subjected to a temperature ramp from 90 to 20 °C with a 1 °C min™" ramp in a PCR machine
(Bio-Rad) to allow the oligonucleotides to anneal properly. For the linker with the bridge
oligonucleotide formed loop, 121 oligonucleotides excluding the bridge oligonucleotides were
added in tenfold molar excess, with the bridge oligonucleotides added in equimolar
concentration to the scaffold strand. For the receptor—ligand loop construct, 120
oligonucleotides excluding the antibody oligonucleotide were in tenfold molar excess, which
was added in equimolar concentration and subjected to a temperature ramp from 40 to 10 °C
with a 0.5 °C min™" ramp after the other 120 were linked.

A more detailed protocol for looped linker construction is as follows:

Step 1: Single-stranded DNA (ssDNA) linearization. (1) Mix the following in a clean
PCR tube: 5 pL M13mp18 ssDNA (NEB product N4040S D 0.25mg/mL or 100nM), 2.5 pL.
10x buffer 4 (NEB), 0.5 pL. 100 uM cut-site oligonucleotide (oligo 000A), and 16.5 puL. water.
(2) Briefly bring to 95 °C ( 30 seconds), lower to 50 °C, and add 1pL BtsCI enzyme. (3)
Incubate for 1 hour at 50 °C. (4) Heat deactivate the BtsCI enzyme by incubating at 95 °C for 1
minute.

To assay the linearization efficiency, add 1.21 pL of a mixture of all numbered
oligonucleotides to 5 pL. of linearized ssDNA and construct the double-stranded DNA (dsDNA)

piece by heating to 90 °C and cooling to 20 °C at 1 °C/minute or slower. The product can either
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be run on a 0.7% agarose gel to separate circular from linear, or the strand can be cut with a
single cut enzyme (we added 1 Afel) to make sure most or all of the ssDNA was linearized.

Step 2: Conjugating protein to oligo. The protocol we used for conjugating protein to
oligonucleotide was loosely based on the Pierce protocol provided with the sulfo-SMCC. (1)
Deprotect the SH oligonucleotides by mixing the following in a clean PCR tube: 5 uL 0.5M
TCEP (Pierce), 40 pL water, and 5 pL oligo 033A at 100 uM. Let the mixture sit for at least 30
minutes at room temperature. (2) Make 10mM Sulfo-SMCC solution as follows: add 20 pL
DMSO to 2 mg Sulfo-SMCC and pipette up and down to mix well, dilute into 450 L. of PBS,
and use immediately. (3) Activate the protein as follows: suspend protein in PBS at 1mg/ml
concentration (use desalting column or centrifuge filter if necessary to concentrate or change
buffer), use 20x molar excess of Sulfo-SMCC for 1mg/ml protein (e.g., 1 mg/ml Antibody - 20x:
20 pL protein @ 6.7 uM + 0.27 pLL Sulfo-SMCC @ 10 mM), and react for 30 minutes at room
temperature. (4) Wash TCEP from oligonucleotides just before Sulfo-SMCC reaction is
finished as follows: use QTAGEN® PCR clean up kit, following the protocol except eluting into
50 pL. PBS for 10 uM final concentration. (5) Wash the Sulfo-SMCC from the activated protein
as follows: pre-equilibrate a ZEBA ™ desalt column (Pierce) with PBS, complete one or two
passes of the protein through the column to eliminate Sulfo-SMCC, and re-suspend at 5 uM
concentration. (6) Mix the activated protein with the de-protected oligonucleotides as follows:
use 1:1 molar ratio or excess of protein (e.g. 1:1 — 2 pLL oligonucleotide @ 10 uM + 4 pL.
antibody @ 5 uM), and react for 30 minutes at room temperature.

Step 3: Purifying protein conjugated oligo. Once the protein has been conjugated to the
oligonucleotides, it may be necessary to purify the conjugated oligonucleotide from unreacted
byproducts depending on the yield of the reaction. We were typically able to get 5-50% yields,
and even with a 50% yield we had trouble getting the loop to form with the digoxigenin
antibody complex without purification. This is probably due to unconjugated oligonucleotides
competing with the conjugated ones and due to excess protein reacting with dig-labeled
oligonucleotides on the DNA construct.

To purity, the same product was run in a 4-20% polyacrylamide gel (Bio-rad) enough to
separate the conjugated and unconjugated oligonucleotides (FIG. 3B), typically 150V for 40
minutes in 1x Tris/Borate/EDTA (TBE) buffer. The gel was then stained for 10-15 minutes in a
Ix solution of Sybr Gold (Invitrogen) and used a razor blade to cut out the relevant band(s).

Once the gel slices were cut, an electroelution kit and supplied protocol was used to extract the
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conjugated oligonucleotides from the gel. Briefly, the slices were placed in a midi sized
electroelution tube (Gerard biotech) with 600uL of buffer, and ran them in a horizontal
electrophoresis at 150V for an additional hour. The final concentration was estimated based on
the known amount of oligonucleotide put into each gel lane, the conjugation yield, and the
amount of dilution in the electroelution step.

Step 4: Assembly of DNA linkers. Several different linkers have been made over the
course of this study. All of these utilize the same basic protocol which was adapted from other
DNA origami work (Rothemund P. W. K. (2006)) without further optimization. This involves
mixing the oligonucleotides with the M13 ssDNA (typically in a 10x molar excess) and
subjecting the mixture to a temperature ramp from 90 °C to 20 °C at 1 °C/minute. This protocol
may be slower than necessary, as it was based on folding complex 2D shapes rather than simply
making a linear piece of dsDNA as we are doing here. A thermal cycler was used to apply the
temperature ramp, but heating a water bath and letting it cool to room temperature over the same
time provides the similar results.

The following mixtures of oligonucleotides were used in the construction of various
linkers: (a) for plain linear, mix of all numbered oligonucleotides; (b) for linear with double
biotin ends, mix of all numbered oligonucleotides except substitute 001A for 001 and 121A for
121; (c) for short loop with double biotin ends, same mixture as linear with double biotin ends,
but do not include 033 or 044 (or use truncated versions of 033 and 044 to ensure all bases of
M13 are paired); (d) for long loop with double biotin ends, same mixture as linear with double
biotin ends, but do not include 033 or 077 (or use truncated versions of 033 and 077 to ensure all
bases of M13 are paired).

To make the desired construct, mix the following in a clean PCR tube and apply the
temperature ramp to anneal oligonucleotides: 5 pL of linearized ssDNA from above, 1.2 uL of
one of the above mixtures (for 10:1 oligo:DNA ratio). For looped constructs, additionally add:
(a) 1 pLL of 1000x dilute digoxigenin oligo 044 A for dig-antibody construct (b) 1 pLL 1000x
dilute bridge oligo 033-044B for short loop with 50 bp oligonucleotide bridge (c¢) 1 nL 1000x
dilute bridge oligo 033-077B for long loop with 50 bp oligonucleotide bridge.

The temperature ramp completes the protocol, except for the dig-antibody construct. For
the dig-antibody looped construct, add an additional 1 pL of purified antibody conjugated
oligonucleotide at an approximate concentration of 100 nM once the first temperature ramp is

complete. Note that if a larger volume of lower concentration oligonucleotide is used, it is
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important to maintain the proper buffer conditions for hybridization. Additional concentrated
buffer may need to be added in this case. To anneal this oligo, we used a temperature ramp from
40 °Cto 10 °C at 0.5 °C/minute, though we did not exhaustively test simpler or shorter
protocols. For the looped constructs, we typically got a 50% looping yield following this
protocol. This looped product can be excised and purified from a gel as we did with the antibody
conjugated oligo, but we did not find this purification step to be necessary for this study.

DNA-—protein conjugation: A 3’ thiol-modified oligonucleotide was reduced and linked
to monoclonal and polyclonal anti-digoxigenin (Roche Applied Science) using sulfo-SMCC
(Pierce) and the accompanying protocol. The NHS group on the SMCC was first linked to free
amines on the antibody (at 1 mg ml—1) with a 30 min reaction at room temperature using 20-fold
molar excess of SMCC in PBS at pH 7.4. At the same time, the thiol oligonucleotide was
deprotected and reduced by incubating in 50 mM TCEP (Pierce) for 20 min and then cleaned
using a PCR clean up kit (Qiagen). Following the first SMCC reaction, excess SMCC was
removed with a Zeba desalting column (Pierce), pre-equilibrated with PBS buffer. The activated
protein was then mixed with the reduced thiol oligonucleotide in a 1:1 molar ratio for 30 min at
RT.

Conjugation was verified by visualization on a 4-20% polyacrylamide gel (Bio-Rad) run
in 1x TBE buffer at 150 V for 40 min, where a shift from the protein linkage was readily
apparent (see FIG. 3B). Typically, 5-50% of the oligonucleotides were conjugated to protein,
and purification of the protein—-DNA conjugate was accomplished by excising the gel band and
using an electro-elution kit with the accompanying protocol (Gerard biotech).

Single-molecule force spectroscopy: The final unpurified linkers with double-biotin
ends were incubated with streptavidin polystyrene beads (Corpuscular) for 15 min, and then
injected into a chamber with PBS buffer for use in the optical trap. The optical trap setup
consists of a single stationary trap and a piezo-controlled micropipette integrated into an
inverted light microscope (Nikon). The setup is functionally identical to previously described
instruments (Zhang X et al. (2009) Science 324: 1330; Halvorsen K. (2007) Ph.D. Thesis,
Boston University, Massachusetts), but with 160x overall magnification instead of 400x. High-
speed video microscopy is used to measure bead positions in 1D with a resolution of ~4 nm at
~2 kHz. The optical trap is calibrated using the blur-corrected power spectrum fit (Wong W. P.
et al. (2006) Opt. Express 14: 12517-31), with additional calibration information provided by
the dsDNA overstretching transition (Smith S. B. et al. (1996) Science 271: 795).
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Single-molecule force measurements are performed by bringing linker functionalized
beads held in the optical trap into contact with streptavidin-coated beads held in the micropipette
to form molecular tethers. Tension in each tether is applied by moving the bead in the
micropipette, and quantified by measuring the displacement of the bead in the optical trap. The

observed distance between the beads gives a measure of the tether length.

Results and Discussion

Looped single-molecule linkers were created via DNA self-assembly. Two different
kinds of linker constructs were generated and tested: (i) linkers looped by a short
complementary strand of DNA to study the kinetics of DNA base pairing, and (ii) linkers looped
by a receptor—ligand pair to study protein—protein interactions. As detailed below, the proper
assembly and functionality of these linkers was verified using gel-shift assays and optical trap
measurements. Their effectiveness for single-molecule force spectroscopy was demonstrated by
measuring the kinetics of bond rupture for both DNA hybridization and an antibody—antigen
interactions, and by showing how the molecular signature of a looped tether can be used to
improve the accuracy of the data.

Verification of the linker assembly: The linkers looped by a single DNA oligonucleotide
bridge were tested first, as they served as a good model system for testing and optimizing linker
assembly, independent of protein-coupling efficiency. For these oligonucleotide bridge
constructs, two different loop lengths were made: 2580 base pairs and 600 base pairs.
Additionally, the length of the bridge oligonucleotide on one side was varied to be 30 bp, 20 bp,
15 bp, and 10 bp, while the other side was maintained at 30 bp. The formations of both long and
short loops were easily distinguishable from those of unlooped products by a gel shift due to
slower migration on a 0.7% agarose gel (FIG. 3A), for both the 30 bp and 20 bp bridge
constructs. Looped constructs in the gel were not observed when using the 15 bp or 10 bp
bridge oligo, presumably due to the harsh conditions of electrophoresis (e.g. low salt, high
temperature, high voltage). Confirmation that the shifted gel band was indeed the looped
construct was accomplished by cutting the construct with a single-cut enzyme in the loop region
(FIG. 3A). The shifted band (looped DNA) was largely unaffected by the enzyme, while the
lower band (unlooped DNA) was completely digested into two separate pieces.

Next, these products (with double-biotin ends) were verified directly in the optical trap

by pulling them end to end with linear ramps of force (FIG. 3A). Unlooped linkers show
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characteristic DNA force—extension behavior with typical contour lengths of 2000-2300 nm,
consistent with the number of DNA bases within the construct. The looped linkers initially start
with a shorter contour length, then exhibit a sudden increase to this full contour length when the
DNA bridge ruptures under the application of mechanical stress. An average increase in contour
length of 884 nm and 208 nm was measured for the long and short loops, respectively (FIG. 3A,
inset), which is within a few nanometers of the expected length changes of 877 and 204 nm
predicted from the worm-like chain polymer model using a contour length of 0.34 nm per base
pair (Bustamante C. et al. (1994) Science 265: 1599—600; Bustamante C. et al. (2003) Nature
421 423-7). As can be seen in FIG. 3A, after bridge rupture both curves roughly follow the
curve for the unlooped linker. As the linker was stressed above 65 pN, the DNA overstretching
transition could be observed, which served as an additional mechanical signature for identifying
single-molecule tethers. Pulling the molecule through this transition always resulted in
detachment of the linker from the functionalized beads, presumably due to the force-induced
melting of the biotinylated anchor oligonucleotides off of the ssDNA scaffold. While this
effectively limits the use of this linker to measurements below about 65 pN, this could likely be
overcome by covalently cross-linking the DNA linker or by using much longer anchoring
oligonucleotides. Regarding the observed length of the linkers, a distribution of lengths is
expected from multiple-tether measurements, even if every tether is identical on a molecular
level. Because the bead in the pipette is rotationally constrained, tethers may be held at different
angles, causing the measured distance between the beads to differ from the molecular tether
length.

Receptor—ligand looped linkers were also created in order to measure the force-
dependent kinetics of an antibody—antigen interaction. Oligonucleotides coupled to digoxigenin
and to its antibody were assembled to form linkers with a loop length of 600 base pairs. The
verification of these constructs was conducted in the same way as for the DNA bridge looped
linkers, using both gel electrophoresis shift assays and single-molecule pulling experiments.
The polyclonal looped construct was readily observed in a gel as a distinct shifted band
(identical to the DNA bridge looped construct in FIG. 3A). In some instances, the monoclonal
construct was not observed, likely due to the much lower affinity between digoxigenin and its
monoclonal antibody and is consistent with the lack of a band for the 10 bp and 15 bp DNA

bridge constructs. Both the monoclonal and polyclonal constructs were observed in the optical
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trap and exhibited force—extension curves that matched those of the 600 bp oligonucleotide
bridge construct.

Demonstration of single-molecule force spectroscopy: The dynamic strength of DNA
hybridization was tested with the optical trap by repeatedly applying linear force ramps to the
DNA bridge constructs to determine the distribution of the rupture force. The molecular
signature of the looped linker served as a powerful filtering method to distinguish the rupture of
the DNA bridge from non-specific, unknown and multiple interactions. This is illustrated in
FIG. 4 (left) for the rupture force of the 20 bp bridge, where positive identification of the correct
rupture transition (using the change in tether length, overall tether length, and overstretching of
the linker) enabled the removal of erroneous data that accounted for 57% (34/60) of the
measured events. In the resulting data, a mean rupture force of 52 pN was measured with a
standard deviation of 6 pN at a nominal loading rate of 100 pN nm™" (this was a combination of
experiments with a mean loading rate of 98 pN nm™" and a standard deviation of 35 pN nm™).
This agrees within error with the expected force of 39 = 15 pN for the mechanical shearing of
DNA (based upon their empirical formula) (Strunz T. (1999) Proc. Natl Acad. Sci. 96: 11277).

When testing the other DNA bridge lengths, fewer rupture events were observed for the
30 bp bridge, as the biotin—streptavidin bonds anchoring the linker often ruptured first. In
addition, there was evidence of the 15 bp and 10 bp bridges in single-molecule pulling
experiments, despite not observing these constructs with the gel-shift assay. While the
formation of these loops should be energetically favorable even with the additional entropic cost
of closing the loop (Hanke A. er al. (2003) Biophys. J. 85: 167-73), it is possible that the
conditions of electrophoresis lower the stability of these constructs leading to their absence in
the gel assays.

As another demonstration, the force-dependent unbinding kinetics of digoxigenin with its
antibody was measured in the optical trap (FIG. 4 (right)). By recording repeated measurements
of bond rupture under a constant force, a characteristic lifetime of 1.3 s (with a 95% confidence
band of 0.9-2.0 s) at a force of 49 + 2 pN for the polyclonal antibody was found, using
maximum likelihood estimation with an exponential decay model. This interaction was
relatively strong, in agreement with other single-molecule measurements that used it as a
molecular anchor (Khalil A. S. er al. (2007) Proc. Natl Acad. Sci. 104: 4892). Without the

looped linker, the high bond strength of this interaction can make rupture measurements
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difficult, as it can be difficult to distinguish the rupture of digoxigenin—antibody from the failure
of molecular anchors in the absence of an additional molecular signature.

Bond rupture was measured, and single-molecule bond formation was observed. In
many cases with the digoxigenin—antibody construct, the complex was reformed after
dissociation by bringing the beads closer together and waiting for a short time (FIG. 5).
Reformation of the oligonucleotide bridge after rupture under similar conditions was not
possible, suggesting that the formation of secondary structure or the extra time to diffusively
align the two strands slowed the rebinding kinetics. This may be overcome by increasing the

concentration of the bridge oligonucleotide in the vicinity of the nucleic acid complex.

Conclusion

Presented herein is a simple and effective method for producing functional looped
linkers using DNA self-assembly, which can increase the accuracy and reliability of single-
molecule force measurements. The method is versatile enough to be useful for a wide range of
molecular interactions, and simple enough to be made by researchers of diverse backgrounds
without significant investment of time or money (see Appendix A). This functionality was
demonstrated by constructing and testing two different looped linkers, designed for studying the
dynamic strength of DNA base pairing and receptor-ligand interactions. In addition, the
molecular signature provided by this ‘DNA mechanical switch’ enables the removal of
erroneous data that can arise from non-specific, unknown, and multiple interactions. Not only is
this construct useful for traditional bond rupture measurements and force spectroscopy, but it
also enables the same pair of interacting molecules to be brought back together following
rupture, opening the way toward high-throughput serial measurements, single-molecule on-rate

studies, and studies of population heterogeneity.

Example 2. Receptor-Ligand Dissociation Kinetics Elucidated By Electrophoresis of a Binary
DNA Nanoswitch
Materials and Methods

Linkers were designed according to protocols for long (2580 bp) and short (600 bp)
loops as described herein. (See also Halvorsen K. ef al. (2011) Nanotechnology, 22: 494005
incorporated herein by reference.) Here, modified oligos (Bioneer, Inc.) containing a single

biotin were used such that a single streptavidin molecule could close the loop. All other oligos
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were the same as those used previously. Briefly, looped constructs were made by mixing a long
single-stranded DNA (M13mp18, in this case) with over 121 oligos that are complementary
along its length. Two oligos spaced apart from each other had biotin modifications, causing a
loop to form when streptavidin binds both. The constructs come together by self-assembly with

a temperature ramp heating and cooling them.

Results

Recognizing that the nanoswitch conformation informs the receptor-ligand binding state
(bound or unbound), and that the conformation can be observed on a gel, an assay to measure
bulk interaction kinetics was developed. The assay, conceptually shown in FIG. 7, proceeds as
follows: 1) form a looped nucleic acid (DNA) construct that relies on a receptor and a ligand
being bound to each other, 2) quench the interaction between the receptor and the ligand, for
example, with excess receptor or ligand to prevent rebinding following dissociation, 3) monitor
the relative amount of looped construct over time to measure kinetics.

To demonstrate the utility of the technique, nanoswitches were developed to measure the
unbinding kinetics of the biotin-streptavidin interaction. Linear double-stranded DNA
constructs 7249 base pairs (bp) in length were self-assembled by combining the single-stranded
M13 bacteriophage genome with 121 complementary oligos. (See also Halvorsen K et al.,
2011.). Two of the oligos were labeled with single biotins and placed 2580 bp from each other,
such that interaction with streptavidin induced the formation of a 2580 bp loop in the structure.
Working backwards from a predetermined experiment time, the nanoswitches were immersed in
excess biotin and various experimental conditions at various times (in this case: 125, 25, 5, 1,
and 0.2 hours). The entire array of 16 conditions with five time points each plus controls was
then run on a single 96 lane agarose gel (FIG. §).

To determine the biotin-streptavidin dissociation kinetics, an image of the gel was
analyzed using publicly available software (ImageJ). The gel analysis tool in ImageJ was used
to measure the integrated intensity of the band containing looped construct, and this quantity
was normalized by the integrated intensity of a reference band in the same lane from a DNA
ladder, which was added to the construct prior to starting experiments. Individual time constants
for each experimental condition were determined by fitting a single exponential decay to the

data using an error weighted least squares fitting.
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Under the conditions tested, biotin-streptavidin time constants ranged from about half of
an hour to two months (FIG. 8, upper right table). The time constants are multiplied by two to
represent a single biotin-streptavidin interaction—the time constants for two bonds in series
were directly measured. The interaction was highly sensitive to changing temperature and less
sensitive to changing salt. At a given salt concentration, the off-rate varied over 100 fold, from
4 °C to 50 °C, whereas at a given temperature, the off-rate changed by less than 2 fold from, 5
mM to 500 mM. At physiological salt concentration (150 mM), dissociation times of 148 = 10
hours at 25 °C and 11.2 * 3 hours at 37 °C were measured. The values obtained are within
range of previously reported values at 25 °C and 37 °C (Chivers C.E. et al. (2010) Nature
Methods 7(5): 391-393; Klumb L.A. ef al. (1998) Biochemistry (Washington) 37(21): 7657—
7663; Chilkoti A. ef al. (1995) Journal of the American Chemical Society 117(43): 10622—
10628; Jung L.S. et al. (2000) Langmuir 16(24): 9421-9432; Green N. M. (1990) Methods in
Enzymology 184: 51-67).

To demonstrate the versatility of the technique, a small suite of nanoswitches was
developed to measure different interactions. Antibody-antigen interaction, protein G-antibody
interaction, DNA hybridization interaction, and enzymatic cleavage were demonstrated. The
antibody- antigen interaction measured was digoxigenin (dig) and its polyclonal antibody.
Using a dig-labeled oligonucleotide (oligo) and an anti-dig-labeled oligo, a dissociation time
constant of 18.5 hours was measured. For the protein G-antibody interaction, the anti-dig
labeled oligo along with a protein G-labeled oligo was used. DNA hybridization kinetics and
enzymatic cleavage were both performed using a single oligo to act as the loop closure. For
DNA unhybridization kinetics, an oligo with a 30 bp overlap on one side and a 20 bp overlap on
the loop closure was used to measure a 20 bp hybridization off-rate. Enzymatic cleavage rates
were measured using an oligo similar to that used for DNA hybridization, but with a central 20
bp insertion (and its complement) that includes the specific cleavage site for Xhol.

With these examples, it has been demonstrated that dissociation times range from
minutes to weeks, across a variety of molecular systems. Measurements of more slowly
dissociating molecules is possible, and is mainly limited by the patience of the experimenter and
the ability to keep the molecules from degrading. Measurements of more quickly dissociating
molecules is also possible, but the effect of the electrophoresis time needs to be more carefully
considered. The method, as outlined, may be used for interactions with dissociation times at the

gel running conditions that are comparatively slower than the gel running time. The reason for
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this is that the looped constructs are free to become unlooped during electrophoresis, which for
these experiments, spanned 90 minutes. This effect will cause an overall reduction in the signal
of the looped bands, but all gel lanes will be reduced in the same way. Thus, as long as the
bands are still resolvable, there should be no major impact on the off-rate measurements. This
sets a limitation on the shortest dissociation time that can be measured relative to the
electrophoresis time, which would be approximately 1 hour (off-rate of 107,

There are a few simple ways to circumvent this limitation, one of which has been
demonstrated by measuring significantly faster off-rates. For the enzymatic cleavage assay, it
was possible to measure an off-rate significantly faster than 10 by “quenching” the cleavage
with ethylenediaminetetraacetic acid (EDTA). Once the cleavage site was quenched,
dissociation in the gel was not an issue. Similarly, it was possible to measure biotin-streptavidin
off-rates as fast as 40 minutes at high temperature because the removal of temperature acts to
effectively quench the reaction. For reactions that cannot be quenched in this way, dissociation
could be chemically quenched by using a crosslinker to hold the loops closed in the gel. For
example, the photoactivated DNA crosslinker trimethylpsoralen can be used to hold DNA loops
together, even in cases where they normally dissociate during the gel. This strategy may be

adopted to increase the range of kinetic measurements.

Conclusion

The method provided herein has at least two useful advantages: high accessibility and
multiplexed measurement capability. The method is neither expensive nor difficult. It requires
only minimal infrastructure and equipment (e.g., electrophoresis tools), most of which is already
available in almost any biology or chemistry lab. While there is an upfront cost of making the
nanoswitches (mostly from the cost of oligos), this cost is quite low on a per experiment basis.
Overall, these experiments demonstrate the ability to measure molecular kinetics using a
nanoengineered molecular switch along with a gel readout of the switch’s state. The method
provides an accurate, inexpensive, and multiplexed way to measure kinetics for a wide variety of
interactions. The minimal infrastructure and equipment requirements offer a distinct advantage
over established methods such as surface plasmon resonance or radioligand assays. This method

will provide increased accessibility to the measurement of molecular kinetics.
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Example 3. DNA Nanoswitches: A quantitative platform for gel-based biomolecular
interaction analysis.
Abstract

We introduce 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
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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 pBR322
DNA, New England Biolabs) to aid in quantification. For many experiments the constructs were
PEG precipitated after annealing to remove excess oligonucleotides. The PEG precipitation was

performed as previously described in'®.

Key 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 (Fig. 10d), 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
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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 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.

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 gel-scanner (GE Typhoon). It is important to note that the standard
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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 image] Linearize gel Data plugin available at the NIH
website. Alternatively the gel image can be saved as a linear .tiff file off of the imager. We
would like to point out that these expensive imagers are not required for quantification, and 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 1uL 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 sodium chloride to achieve the proper experimental salt concentrations,

and immediately put at the experimental temperature. The 4 °C condition was done in a
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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. 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/cm 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 § 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 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.,
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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 § 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.

1) To create the sortase-compatible oligonucleotides, sortase-compatible peptides were

covalently attached using click chemistry as previous1y16, the entire contents of which
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are incorporated by reference herein. Pra-LPETGHHHHHH, where Pra is a Propargyl

glycine which adds an alkyne functionality, was coupled to var 4-azide using copper-

catalyzed click chemistry. Azide-var 5 was then functionalized with a Flag-TEV-GGG-

Pra peptide, 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 qiagen 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 previous1y16. 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
uL of 2x Sortase Reaction buffer (600 mM Tris HCI pH 7.5, 300 mM NaC(l, 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 (Note that the GGG indicates the amino acid string Gly-
Gly-Gly.

3) The var 4-LPETGGG-var 5 was used instead of the normal var 4 and var 5. 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, as peptide denaturation was not a
concern. This yielded loops with the peptide LPETGGG 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 puM GGG-S-S-CH3, 300 mM
Tris HC1 pH 7.5, 150 mM NaCl, 5 mM CacCl,, and 5 mM MgCl,. Catalysis by sortase is
highly calcium dependent 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:
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This construct was created in 3 steps. 1) Var 4 and a truncated version of var 8§ 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 M13 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 NaCl before use in forming
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, §, 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 pLL of 5

uM digoxigenin-functionalized oligonucleotide (an oligonucleotide was used as digoxigenin is
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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 ImagelJ 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 Image] 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 profile, also known as a skew normal distribution, with a
skew parameter of ~-2.5. 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. 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
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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. 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 x—bhb

A- e_(T ‘(1 +erf(a

)

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

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).

Thermodynamic Analysis

The dissociation constant K, was determined by the ratio of the off- and on-rates, and the

equilibrium free energy AG® was determined by:

AG® = —RTIn(Kp)
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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:

nff) ) +n() 3
T R \T h R

Where £ is the kinetic rate constant, kz is the Boltzman constant, £ 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+ Zy - ZgVI
Where k£ is the kinetic rate constant, ko is the rate constant without the salt, A is the Debye-

Hiickel constant, Z, 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 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. Furthermore, quantitative analysis of long-lived interactions, small
molecule interactions, and multi-component complexes are difficult, even with these advanced

approaches.

We introduce a new instrument-free platform, based on DNA se:lf—asse:mbly5’6’7

, that
meets these challenges by enabling quantitative analysis of molecular interactions using standard
gel electrophoresis, for pennies per sample. DNA oligonucleotides (60 nt) are functionalized

with interacting molecules, and hybridized to specific locations on a single-stranded DNA
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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 topology®, the different interaction states can be easily resolved as distinct bands on a gel

(Fig. 9a).

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. Together, these features make this a versatile, accessible,

and inexpensive tool for studying multimolecular 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 (Fig. 9b,
9c¢). 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 be optimized by tuning key design parameters, including oligonucleotide

length, ligand positioning, reaction concentrations, and temperatures.

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. 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%. 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) (Fig. 9d). Based on these results, we present
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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 NaCl:

18300

———0.033v1)

(42.4—

kogt = Te

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. 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 (Fig. 9b, 9d). 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 1013 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. In general, our measurements are consistent with values
reported in the literature. Specifically, we are within 15% of the reported off-rate of a biotin-
labelled oligonucleotideg, within 30% of on-rate measurements from SPR“, and within 5% of
both 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. Although Neutravidin’s affinity for biotin is
20 times weaker than avidin’s, they surprisingly have similar off-rates, 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. We note that while the system is ideal for quantification of long
lived interactions, even those out of the range of biacore, the time required to resolve the bands

in a gel currently sets the lower limit of detectable dissociation life-times to minutes.
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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 (Fig. 10). 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’
(see WO2015/006626) to rapidly and efficiently attach proteins to our nanoswitches while

. . - 16
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 (Fig. 10a). 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 (Fig. 10c).

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 (Fig. 11). 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 (Fig. 11a). We measured bi-directional transitions for all 5
states, thus determining all rate constants (Fig. 11). 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

(Fig. 9d, 10). The signals are robust and highly amplified, giving detection limits in the range of
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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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Example 4: Analyte Detection.
Abstract

We have developed a detection platform with single-digit attomole sensitivity, making it
orders of magnitude more sensitive than existing techniques, while also being orders of
magnitude cheaper than current detection methods. The platform’s readout and per-analyte
signal-intensity are independent of analyte size. This platform’s sensitivity, robust nature, and
affordability will allow for a complete transformation of the diagnostic landscape, as this one
platform can be used to screen a wide range of analytes in labs, in the field, and even at home.
We have developed a prototype that can be used to detect early pregnancy factor (EPF) which is
released within hours of fertilization. As current methods for EPF detection are costly and
laborious, such a diagnostic will allow for EPF detection to become a routine diagnostic both for

detection of pregnancy weeks before existing methods, and for diagnosis of infertility.

Results and Discussion

Clinical diagnostics lead to actionable healthcare choices, however, their use is often
limited as current clinical diagnostic assays often require expensive capital equipment
investment for multiple different systems to address multiple types of tests, and some tests
require large volumes (mL) of blood to be drawn. There is thus an unmet need for inexpensive,
extremely sensitive platforms that can be adapted to a broad array of tests in the clinical
laboratory, and subsequently adapted for point of care and over the counter applications. Here,
we propose the development of an elegant low cost, extremely sensitive platform that can be
used for detection of a myriad of analytes.

We have developed a technology for ultra-sensitive detection of a wide array of analytes.
The system relies on the ability of a gel to separate DNA based on topology. By functionalizing
a large DNA scaffold with ligands, antigens, receptors, antibodies, or nucleic acids we can
translate molecular interactions into a change in the DNA’s topological state. We term these
two-state structures DNA nanoswitches. The two states of these nanoswitches can then be
resolved via simple gel electrophoresis (FIG. 12).

This system provides several advantages over current techniques. The large DNA
construct causes interaction-triggered topological changes to yield distinct and repeatable gel

shifts, even with the integration of large proteins. This constant assay-agnostic readout across
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many assays will greatly facilitate user training and automation. Thus, one can dramatically
lower the cost of POC assays as a single operator could be easily trained to perform a large array
of assays. The constant readout would also make development of easy-to-use OTC tests, as a
single readout device can be engineered, and different kits could be sold for assays of interest.

Additionally, the large 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. We have
characterized the system’s sensitivity showing that we can currently detect single digit attomoles
(10-18 moles) of protein, and we are confident this can easily be enhanced an additional order of
magnitude allowing for the detection of as few as 10,000 molecules.

We have developed a prototype pregnancy test that detects early pregnancy factor (EPF).
EPF is present in the blood and cervical mucus within 8 hours of fertilization (ref. 3), meaning
that it can be detected weeks before human chorionic gonadotropin (hCG), the most common
indicator of pregnancy, which is not released until implantation. EPF detection is currently done
in fertility clinics, but requires very large (20 ml) blood draws, culturing patient leukocytes, and
determining the presence of EPF via a qualitative assay of a cell aggregation morphology which
is costly and often difficult to interpret (rosette inhibition test) (refs. 4,5). This technique is often
used in the bovine and equine industries as an earlier means of pregnancy testing, however this
technique is laborious and requires a large amount of time, money, resources, and personnel.
These issues have prevented EPF detection from becoming a routine diagnostic for human
pregnancy (ref. 6).

Using a system like the one schematized in FIG. 12C, we have been able to detect EPF in
a physiological buffer. This will make an ideal test case for the nanoswitch detection platform,
providing a simple quantitative assay that is orders of magnitude more sensitive, and orders of
magnitude more affordable than existing methods. The platform will enable the incorporation of
EPF detection as a standard test both for those who want an earlier means of detecting
pregnancy, and for those who are having trouble conceiving, and are trying to determine if
conception is failing at fertilization or at implantation. With over 150,000 IVF patients a year,
development of an affordable, highly sensitive EPF diagnostic would have a great market, and
have a significant impact on the lives of these patients. Additionally, all of the technical

advancements and lessons learned in developing the EPF assay will be immediately applicable
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in the expansion of the system to a wide reaching diagnostic platform for low-cost detection of

trace analytes for clinical, food safety, homeland security, and defense purposes.

Table 1.
o Broadf small m?lectfles, Flu A+B, RSV, Group A Early !’regnancy Te:st (2-3
Applications proteins, nucleic acids, T, B, NK lymphocytes days into conception for
" . . Strep Assays o
antibodies, viruses IVF applications)
10-20 min for 96-1536 1 hour for 80 tubes . Low (individual cell
Throughput samoles* (high throughput) 10 min for 1 sample culture 1-2 day
p s Enp turnaround)
. . . Clinical, may be adapted . . . -
Testing/Processing location for POT or OTC Clinical lab Clinical lab Specialized Clinical Lab
. Thousands of
Equipment cost 100-200%** Thousands of dollars** dollars*** Thousands of dollars**
High (Must be able to
. Low (Pipetting and Gel High (Complex detect morphological
Necessary Training Electrophoresis) instrument) Moderate differences of leukocytes
under a microscope)
Cost of reagents per test $0.01-0.05 $50-60** $10-15%* $20-50**
10" mol Not well established, due
. F_ ~1 5 .
Detection limit (100,000 molecules)**** Thousands of cells 10° CFU/ml to qualltaei::ilzl:\tature of

*96 samples refers to the number of lanes, this could be 96 samples from one patient or 96 different patient samples.
Additionally we have demonstrated the potential to double the number of lanes and multiplex the system to attain 8 assays
per lane. This would yield 1536 simultaneous diagnostic tests. **List price shown. ***Most labs will already own the necessary
equipment for gel electrophoresis. ****Concentration independent.

Proposed Methods and Materials
1. Develop a means to make nanoswitch closure irreversible

a. Significance: As the nanoswitches can open while running the gel, this limits
detection to analytes that have a high affinity for the nanoswitch. Making nanoswitch closure
irreversible in the presence of a crosslinking agent will greatly expand the number of analytes
that can be detected with the platform. Without a means of crosslinking, the system is limited to
detecting things with a Kd lower than 5 nM excluding many biological analytes. The EPF
loops, for example, were only observable upon glutaraldehyde-crosslinking.

b. Timeline = 6 months: We have already had some success using glutaraldehyde to
crosslink proteins. However, we plan to develop a bioorthogonal crosslinking method using
copper-catalyzed click chemistry with click-compatible oligonucleotides for a more controlled

and universal solution.

SUBSTITUTE SHEET (RULE 26)
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c. Milestones: Loops formed between streptavidin and desthiobiotin are strong
enough to be separated in the gel. If, however, the gel is run longer, in an effort to attain better
band resolution, all of the loops open while running in the gel. The ability to lock these loops
such that the intensity of the looped band does not decrease over time would indicate that we
have accomplished this aim. This would then be applied to the current EPF detection construct

in lieu of glutaraldehyde crosslinking.

2. Optimize the stability and sensitivity of the nanoswitches in bodily fluids

a. Significance: Preliminary testing indicates that the nanoswitches are not highly
stable in untreated bodily fluids. In order for the platform to be useful for clinical diagnostics,
the nanoswitches must be stable in fluids such as urine, saliva, serum/blood, and mucus.

b. Timeline = 6 months: Upon obtaining human samples a series of preparatory
steps need to be assayed including pH buffering, removal of denaturants, and DN Ase/protease
inhibition. Once nanoswitch stability is achieved we will use non-pregnant (likely male) control
samples that we will spike with different levels of EPF to characterize/optimize the sensitivity of
the nanoswitches in various bodily fluids.

c. Milestones: We have had some success with this already, but need to optimize
treatment of various fluids and demonstrate the ability to detect analytes in these bodily fluids to

indicate that we have achieved this aim.

3. Verity the presence of EPF in patient samples

a. Significance: The first step in validating this diagnostic tool is demonstrating
that the nanoswitches reproduce the results of current assays. This will be the first demonstration
of the platform’s ability to detect analytes such as EPF in patient samples, and will be an
important step in attaining FDA approval and CLIA certification.

b. Time line = 1 year: After attaining IRB approval, a large number of samples
from pregnant and non-pregnant patients will be blindly screened to verify the ability of the
platform to detect EPF in patient samples, these samples will also be subjected to the rosette
inhibition test (RIT), and the results will be compared.

a. Milestones: The ability to match or outperform the RIT in detection EPF in
samples from pregnant patients and not non-pregnant controls would indicate that we have

achieved this aim.
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The nanoswitch platform provides the ability to easily and reliably detect extremely low
amounts of analytes, which in addition to enabling very early detection of antibodies, pathogens,
secreted proteins, and DNA, will be crucial in the move towards small patient samples both for
high frequency testing, and for situations such as neonatal and pediatric settings, in which large
volume blood draws are simply not feasible. The modular and robust nature of the technology
makes it ideal for expansion into a universal detection platform with applications in the clinical
diagnostic space and beyond. This great expansion in analyte detection will provide actionable

information that can greatly impact lives.
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EQUIVALENTS

While several inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual
feature, system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, 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
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identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally
including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list,
“or”” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,”
or, when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of
a number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. “one or the other but not both™) when preceded by terms of

2% <<

exclusivity, such as “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.
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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,”

2% << 2% << 29 Cel

“including, containing,” “involving,” “holding,” “composed of,” and the

carrying,” “having,
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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CLAIMS

What is claimed is:
1. A method comprising

placing a nucleic acid complex comprising a first and a second binding partner and a
third and a fourth binding partner under conditions that allow for binding of the first and second
binding partners to each other and the third and fourth binding partners to each other, and

detecting binding or a change in binding between the first and second binding partners
and/or between the third and fourth binding partners using gel electrophoresis, wherein binding
of the first and second binding partners to each other results in formation of a first loop and
binding of the third and fourth binding partners to each other results in formation of a second
loop, wherein the first and second loop are asymmetric to each other,

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, a second single-stranded
oligonucleotide in the plurality is linked to the second binding partner, a third single-stranded
oligonucleotide in the plurality is linked to the third binding partner, and a fourth single-stranded

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

2. The method of claim 1, wherein the first, second, third and fourth binding partners are
covalently linked to separate oligonucleotides that are hybridized to a single scaffold nucleic

acid.

3. The method of claim 1 or 2, wherein the first or second binding partner is a library

member, and/or wherein the third or fourth binding partner is a library member.

4. A method comprising

placing a nucleic acid complex comprising first, second and third second binding
partners under conditions that allow for binding of the first and third binding partners to each
other and/or binding of the second and third binding partners to each other, and

detecting binding or a change in binding between the first and third binding partners
and/or between the second and third binding partners using gel electrophoresis, wherein binding

of the first and third binding partners to each other results in formation of a first loop and
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binding of the second and third binding partners to each other results in formation of a second
loop, wherein the first and second loop are asymmetric to each other,

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, a second single-stranded
oligonucleotide in the plurality is linked to the second binding partner, and a third single-

stranded oligonucleotide in the plurality is linked to the third binding partner.

5. A method comprising

determining two or more molecular interactions by detecting topological changes in a
nucleic acid complex that comprises a single-stranded scaffold nucleic acid hybridized to a
plurality of single-stranded oligonucleotides, wherein three or more binding partners are
separately linked to single-stranded oligonucleotides, using gel electrophoresis, wherein the

complex assumes a distinct topology for each molecular interaction.

6. The method of any of the foregoing claims, wherein the single-stranded oligonucleotides

are each about 60 nucleotides in length.

7. The method of any one of the foregoing claims, wherein the binding partners are ligands,

antigens, and receptors.

8. The method of any one of the foregoing claims, wherein the binding partners are proteins

or nucleic acids.

0. The method of any one of the foregoing claims, wherein the binding partners are

antibodies or antibody fragments.

10. Use of 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 in the plurality is linked to a first binding partner, a second single-stranded
oligonucleotide in the plurality is linked to a second binding partner, and a third single-stranded

oligonucleotide in the plurality is linked to a third binding partner, for measuring association
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and/or dissociation kinetics between the first and second binding partners and/or between the

first and second binding partners.

11. Use of a nucleic acid complex comprising a single-stranded scaffold nucleic acid
hybridized to a plurality of single-stranded oligonucleotides, for measuring association and/or
dissociation kinetics for a plurality of binding pairs, wherein each member of a binding pair is

linked to a separate single-stranded oligonucleotide.

12. A nucleic acid complex comprising

a single-stranded scaffold nucleic acid hybridized to a plurality of single-stranded
oligonucleotides, and

wherein a first single-stranded oligonucleotide in the plurality is linked to a first binding
partner, a second single-stranded oligonucleotide in the plurality is linked to a second binding
partner, and a third single-stranded oligonucleotide in the plurality is linked to a third binding
partner, and optionally wherein a fourth single-stranded oligonucleotide in the plurality is linked

to a fourth binding partner.

13. A method comprising

combining a nucleic acid complex of any one of the foregoing claims comprising a first
and a second binding partner with a sample, under conditions that allow for binding of the first
and second binding partners to an analyte that is neither the first nor the second binding partner,
and

detecting binding of the first and the second binding partners to the analyte, if present in
the sample,

wherein the analyte is present at attomolar concentration.

14. The method of claim 13, wherein binding of the first and the second binding partners to

the analyte is detected using gel electrophoresis.

15. The method of claim 13 or 14, wherein the analyte is early pregnancy factor, and the

method is a method of determining pregnancy.
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FIG. 1A

121 Plain oligos spanning the entire M13 template
01 AN A AR AT AT AN AR AR RO A A A A TT A CARNATT ARG AATAEXROCTS
00¢  AGAGCA A A G T A A T G T TR A A A A R A AT TAT R AC CO TG TAR TACTITIGOEER
023 AGRAGCOT T A R AL A A GCATARSAAT T I TTAGASCCOTCATATATT I TARATGS
A PG DA S T ARG T TAGE TR A CAT T C AR ARG UG AR ARG OO S CAGACATTCAS
005 AT CA T A T N A A T PO AR O C T T TR GC PEATAR AT TART GOCECARAGEETAGS
M6 AP T RGN DO TR O RAS GG T ATCA ST AT TGO C TEAGAG TCRECAGCAR B TR NG
007 AGRATCGA TR AR TAAT OO TARARCTAGCATHTCRATCATATE TROCOCE S TTGATAR
OE PO AGARRA OO AN AR A A RN A RS T T TR P ARG AR A TR T T TA BT T S TARE T TR
Sy AT TG T AR A TS C A T N A A T T T T T ST T A AN T AGUTCATT T TTTAMC CARTAGGR
$10 ACSCOATCASARA T AT TCRCATCT RO TIOC TG TAGC CAGOTT IO ATCAR AT T ARAT
211 ST RAGC AR TAR AR OO T UG EATT O T Lo TR GRAACAARCEGUEGATTRACCETAATS
012 GoATRGEICACE T eI AR T GO AT G TAR CCR TECATC TG C ASTITCAGEEE
013 ACCACGACAATATOSGCCTCAGERACKTOSCALTUCASCCAGOTTTCOGRCACOBOTTOY
§1f SOTSCCORAAACCASSOARIGOECCATTC OO TTC ARG LTS AR TSI TORCARGES
$15 CoATCGETEoEE AT TGO TA T TACE O AU T UG AR RGGGECATSTEOTECAAGSE
16 COAT DA TGS T GO CASGS TP T TCCOAL TO N CRACOTTESTAR AR AR CGECOAAT
GOCARGCT TR AT O O A TS AC T TASA GRATCL COAEETACOGASCTO GRATTS
$IR SRR ATESTC AT SO TGP TCC T O T T A AR TTO T TATOCRCTORACAN PTOCACACAN
019 O TACGE S CeeAR A TAR A S T TR AS S OO GG e TRC CTAATC ACTRARGCTAXCTCAL
A T AT SR e T A ST O O RN T T O O A G TC R AR AN CTETOETECCARCTRCA
AR P EAATCEE CRRCEOCC CEE ARG R PITRCE TAT TS SUGC CAGRETRETIT
§23 PO ITCACCASTERRACEGRCAACASC TEAT TECCOTTCACOGUORAGCCCTCAGAGS
G A A A G T O A SO PG TT TR COCASCAR L CAAR AT OO TP TEAT RS TS
AR AT O AE AR A A TCCO T TAT A AN TR AR AOR ATRSCUCOAGR TACESTTEARTEY
PO AS T I IR AR CRACGAGTTCCACTAY TRANGRACOTECACTCCAR DR PO AR B EECG
AXXBACCETCTATCRGGEURATEC OO TAC G TEARCCATCACCCARA TR G TR TITY
G CCAGETEC CETRARSC AR A A TOGEARCCCTRA RCHREAGCLOCCEATTRAGAGE
IRRACHGEEAANSOCORUGAACET I CALR AR GEIACEEALMCAAAGCRA AR GEXEOEEE
CECTEECEC RO TS RANTETASCSSTCACSCTSOSEETRAACCACCATACCORONEERCY
IRATCCEOCEOTACR GRS ECS TR TAT O TTSO T T TEA CGACCRCETATAR TG COTTY
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FIG. 1A (continued)

€2
oot

COTOE PrAGARTCASAGCGEGAGCTEARCACGAGEUCEATTAAR S SCATTITAGACAGER
ACSETACECCASARTCO TEAGAGTET T D TR A TAA T AG TEAGSCCACCEAATARDRAGRS
TG AT CAC O AAY TTAR CC AT RS T GO AR TACT RO T T TEAT TAGTAA TAACATCAS
TTECCTEAG TRGAARARCTCAARCTATC SO T IGCTES TAATATCCAGAACARTATTAC
035 CRCCRGUCATTECARCRSERARARCECTCATSSARATACCTACATTTTSACGCTCARTCR
B36  TOTEAAN TGO IR T T TACAT TOGCASR T TCACCACTCACACGACCAGT AR T AR RGAGR
03T CATTCTGECOARCAGAGATAGAROCO T IO TRAC CTEARAGESTAAGAATACG TG ACAS
038 ACAATATTTTIGARTGECTATTAGTCTITARTECACEARCTAATAGCOOTARRRCATCOSE
033 CATTARSARTACCERACGARCCACCABCAGAAGATARMACAGRGOTARGECEATCAGTAT
B0 TARCACCSCOTeC AR ATeCCROGCTEAGAGCCACCAGCARN TEARMA AT TRARGCAT
041 CACOTTGCTGAACCICARATATCAARCCO AR TC AR PATC TR TCAGT G CARRNTORR
B2 CANTTAAAMGHAATTAAGEAAGETTATC TS ARATATC T TARGAGCACT AR ARCTARTA
043 SATTAGAGCCGTCARTAGATAATACRTTTARGEATTTACARGTATTAGACTITACARACA
044  ATTOEACARCTCS TN T AR T O T IS O CEARCO T TAT TRAT I T TAR AR ST T TCAGTAR
045 CATTATCATTTTSCGEAMRAAGEARCCACCAGARGEAGCEGARTTATCATCATATTCOT
D46 SATTATCASA TG e AR T T AT AN TA TAATCOTEATTE TR TG FATTATACTTROTERA
047 TARTGGARGGETTAGAACCTACOATATCARARTTART RECACGTARARCAGAANTARAGA
048  AATTGCGTAGATTTICAGETTTASRCETOSGATOAATATACAGTAACRGTACCTTTIACAT
343 COGARRAACANTARCEGAT TGO TR T TGO T TTRARTAC CAAG TTACAARATORCSCA
050 GABGCGAATIATTCATT TCANTIACOTAAGCARANGAARATAATCAARCAMACNTCARGR
AR AR T TAATTACAT T IAACRA DI C AT I TGARTTACC TT T T T TATORAARCAGTA
CATARA T AR T AT A TS T A A S T AR T AR TR P TO TG T AARTC G TOGOTAT TARTTAAT
TTTCCCTIAGARTCCTOGARRRCAT AGUGATAGCTTAGATTARGACCCTCAGARGARTCR
ATAGTCRATTTATCARAATCATAGS TCTEAGAGACTACC T TETARCCTCOGE0TTASET
TEGET AT TARCTATA TeTARN TGO TEA TCARATCCAATCGUARGACAARGRACECGA
GAARACTT T T T AR TA TATT TTAS TTAR TTTCATCTTC TERCC TARAT TTARTGETTTG
ANATACCGACCETETGATAR AT ASGCET TARA TARGAR TR ARCACCGEARTCATARTTR
G ARR AR GCCTE T T ASTATCATA TGO ST TATACA AR TTCTTACCAGTATARGOCAR
CECTCARCASTAGEEC T TAR T TERS AR TC GO CATAT T TAAC AR CECOAACATATARTTTA
0 CECAGSAGECATTTICOAGCCASTALTARGAGAATATARAGTACCGACARARGETARASTA
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FIG. 1A (continued)

f6l ATTCTOTCCAGRCGAC CACAR TR AR AR CAT G TTCAGCTAATEC AGARCEOCCOTITIS
G TR AT A AR T O T A A A A AR A TR TR TC CC AT OO TRA T T T AC CAGCATET
063 AGRAARCCEAT AR AN T GRC TG e T T T CCTIATCATTC O ARGANCGRGTATTARACCAS
f6d GUACCGCACTCATCGRACARCARGOARSCCRTIT T TAT T I TCATCCTAGGRATCATTACCG
§E5  COCCCANPAGARCCR AR DO AR TAT R CAAGSCTTATCCGETAT RO TAAGARCGOGAS

f88 GEI I CEAAC OO R T RGO R A BT P T T CAAGC U T TA AN TCARCAT TASTIGLT
087 ATTTIGCACCCARC AR T T T TA TC CTEARTCTTRCC AR GCTAACGRECGTOTTTCOCA
068 GARCCTAA TR T T ACA R A A T AN AT CATATTAT TTATCOCANTOCARATAREA
Y AR G O T A A C G T AR R A NP C AN AT GORGCCT T TACAGA GRS ATARCATA

o
o
s,

070 ARARACAGGEAAGCEOATIARACEEGAGH AT TR ACTEAACROCOTCAAC AR ASTOSGREGE
071 TAATTGACCGCTAATATCASAGACATARCCOACERGAATTCACT TRAGCCCAATEATARG
72 AGCA AR ARCAN TR A TAGC AN TAG N TATCT TACCEAAGCCOTTTITTARSR AR AGTAAS
073 CAGATAGCCRMACAARST TACCACARSEAANCOGRGGARACGCANTAATAACGRANTALT

CAAS MR AT GO TEA TS AG R TCOT AT T AN GCAGTATOTTAGCAARCCTAGR A ART
ACATACATARACE TG AR ATATAR A A GARRCECARAGACACCACEEAATARGTTTATT
TSI CACARTOEN TR AN AR P TCATA TEETTIACCRGCEC M ARCAC AR XABGHCERCAT
ARG T TRAGCARGGEARGGTARATATTICACOERAATTATICATT R AA GOTEAATTA
ALY CACCERCTT AT CAT T IEEG AATTARACGLCAGCARAATCACCARTAGTALCA
T A AT TAGCAAGROCGEARAR LG TCACCAATGREACCAT COATAGLAGCACCERAATCA
BTARCEMCAGAN TCAAS T TGO T TAGCLTCAGACTCTAGUGOETTTTCATORSCATTY
TORETCATASCCCCCTIATT ARCCTTTEOCATCT TY TCATAN T MASATCACOGEARCCR
GRECCROCACCHEAACCELOTCCC TCAGARCCCCCACCOTCAGARTCECCACCUTCAGAR
CoACCACCCTCAGRECCRCCACCAGRRCCACCATCAGRSCCEUCCOLAGCATTRACARGA
GEITRAGECAGCTCAGACEATTRECC T TRATATICACAAA CARATR AR TCOTUATTAARG
COAGMARGEAAN GO AGTC DO TEAR PTTACCERT TCCASTAR GO GTCATACATGEOTTTY
GRIGATARC AGGAGTETACTRETAR TRAGTIT T ARCGEEETCAGTRCCY TGRS TRRCAGTE
TR T AR A R G TR A T GO CC TGO TAT T ECGGARCCTAT T ATTC TCAR AL A TRAAR
AT TRACAGRCTEARACTOCTCARCGAGARCEAT TAGRATTAGCERGETTTITGITCASTA
GO C GG ATRARTRC ORI GARA GG AT TEATA PAA STATARCCCEGRATAGRTETATCA
COETROTCASGEGETTIACTACCECCACCCTOAGAR CCBOCACCOTCAGRACCGOCACCD
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FIG. 1A (continued)

03] TOABBGCCACCACCCTCATTTTOAGEEATNGCARGCCOBATAGEARCCCATETACCGTAR

32 ARG TR CAG T ACRA A C TSR ACEOCTATASCATTONACABACAGCOOTOR

021  TARTIAGCOTAACCA T TAR MG TE I AT ORI TO L AGR O AT T AGTAANTEAATTTTLT

094 GUATCGEA T TG o T A A A U T T T RACKG T TICAGCCELASTOAGKA TRAERARGEAMLR

635 ACTARRAGEARTTEOGAR TRATAAT T TITTCACETTSARBATCTCCARRARARMEECTOCA

35 ARG T A A T T A T O RGP AT RGO PTG T T GAG G TRAR TTTC TTARACAG
i

0BT COTGRTACCEATMETTECEOCEACARTERCARCRRCURTCSCOCACOOATANRCCERTATR
038 TICESTOECTRAGECT IR AGEGAGTTAARSECCACTTITH UG RGATC AT ACCOTCASS
033 ACCOARACACAGCATC SRR A EETASCARCEC TACARAGECTITAASGACTARAGR

100 CTTTTToATGASGARG TTTCCATTARAC GECTARAR TACETANTECCACTACGARIGUAL
18] CRACCTARRACGARAGAGECRAARGRATACACTARAACACTCRTCTTTGRCCCCCAGCER
107 TEATACCAAGCECTARACARACTRCAACEEAGATITGTATCATCECCTGATARATTETET
103 CoRANTOCGCGACC TGO IO ATGT TACT IAGCCEoARCEAGEURTAGALGETCARTCATA
184 AGSGAACCERACTEACCARC T T TE AR AGANCACRA TEARC BRTE TACREAUCRGECGTA
195 TRSGUTEGCTEACCTIOATCARGAGTAATC T TEACRNGAACCEEATATTCATTACCCARA
186 TOARCHTAACAAAGCTRCTCATTCAGTRAATARGGOTTECCCTARCEAGRARCATCAGAR
07 CORSTAGTAARTTEGG T I AGATEST T TAAT T I AR T T TART CAT TS TERAATTACOTT
168 ATECaA T AR R O T GO T AT T A T A CA T O AG B OO TTE S EARGAR AR ATCTALGT
0% TRATAANACEARCTARCOOARCAAC S TIATTACAGETAGRARGATTCATCAGTTGAGATT
110 TAGGANTACCRCATTCAACTAATEOAGATACATARCACORARRGERAATTACGAGSCATAS
111 TAAGAGCAACACTATCATAACCOTCRTT IACCARACEACGATARARACCARAATABCAAS
113 AGECTITTGCAA ARG ARG T T TECCAGAGGERETAR TAGTARRATOTT TAGAC TG EATAG
113 CoTCCARTACTECEEAATCRTCATARATATTCATTEAATCCCCOTCRARTECTTTARACA
114 GTICAGARAACCARARTRRCCATRARTCARARATCABGTC T T TACCOTGACTATTATAGT
115 CASARACARRGCGRATIG AT AR AR T TARGAGGARGCCORRARSACTICARATATS
115 GoST TR A PTCANAGC BAAC CAGACCOEAAGCARADTCCARCARGTCAGEAT
117 TREAGAGTACCTITANTTGLTCCTITTIGATAAGAGETCATTTTTGCEGATEECTTAGAGS
118 TR TTGCTRAATATAATEC e TR o TC AR A TR T T TARATATECARCTAAAGTACAET
11% GTCTeRRAGTTTCATTICCATATARC ST TGP RCCCART IO TECGARC GRS TARSTTTAG
126 T IGACCATTAGA AL AT T TS CARS TS STCAATARCC TG TTTAGCTATATTTTCATITG
131 GEECGCERGOTGARARGETSECATCARTTCTACTAR TASTASTAGCATT

Oligo for M 13 linearization

J06% CTACTAATAGTAGTAGCATTRACATCCAATAARATCATACA BtsCI cut site oligo
Labeled oligos

J0IA 5’ dual biotin - ARCATCCAATAMATCATACRGGCAAGGCAMRGRATTAGCAARATTAAGCARTAAAGCCTC
033 TCTGTCCATCACCCARATTARCCOTTCTACCANTACTTCTITCATTAGTARTARCATCAC = 3 thiol

442 5 dig = ATICGACAACTCETATTAAATCCTTICCCCGRACGTTATTART TITAARRGTTTCAGTRA

1218 GGECCCGAGCTRARARGETCECATCAATTCTACTARTAGTAGTAGCATT - dF internal biotin 3 histin
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