(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '
Organization
International Bureau

=

(43) International Publication Date

‘O 00 000 0T 0
(10) International Publication Number

WO 2020/047435 Al

05 March 2020 (05.03.2020) WIPO | PCT
(51) International Patent Classification: . .
CO7K 14/415 (2006.01) CI2N 15/82 (2006.01) Published:

(21) International Application Number:
PCT/US2019/049105

(22) International Filing Date:
30 August 2019 (30.08.2019)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/725,596 31 August 2018 (31.08.2018) UsS

(71) Applicant: THE JOHNS HOPKINS UNIVERSITY
[US/US], 3400 North Charles Street, Baltimore, Maryland
21218 (US).

Inventors: SCHULMAN, Rebecca, B.; ¢/o The Johns
Hopkins University, 3400 North Charles Street, Balitmore,
Maryland 21218 (US). SCALISE, Dominic; c/o The Johns
Hopkins University, 3400 North Charles Street, Baltimore,
Maryland 21218 (US).

(72)

(74) Agent: SCHLUETER, Peter, J.; Casimir Jones, S.C,,
2275 Deming Way, Suite 310, Middleton, Wisconsin 53562

Us).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

@81)

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE,LR, LS, MW, MZ, NA,RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

with international search report (Art. 21(3))
with sequence listing part of description (Rule 5.2(a))

(54) Title: SYSTEMS AND METHODS RELATED TO OLIGONUCLEOTIDE BUFFERS

woO 2020/047435 A1 | NI 0000 KO0 Y000 O 0 0

(57) Abstract: The present disclosure provides systems, compositions, and methods related to oligonucleotide buffers for use in gener-
ating molecular circuits and their application to DNA nanostructure formation and growth. In particular, the present disclosure provides
materials and methods for modulating polymucleotide concentrations using DNA strand-displacement to control molecular reactions
for various applications, such as drug delivery, RNA-based therapeutics, chemical synthesis, and nanostructure assembly.



WO 2020/047435 PCT/US2019/049105

SYSTEMS AND METHODS RELATED TO OLIGONUCLEOTIDE BUFFERS

GOVERNMENT FUNDING

[8061] The invention was made with government support under DE-SC0010595 awarded by
the Department of Energy, and NSF-CCF-1161941 and NSF-SHF-1527377 awarded by the

National Science Foundation. The government has certain rights to the invention.

RELATED APPLICATIONS
{0002]  This application claims priority to and the benefit of U.S. Provisional Patent Application
No. 62/725,596 filed August 31, 2018, which is incorporated herein by reference in its entirety for

all purposes.

FIELD

{0003] The present disclosure provides systems, compositions, and methods related to
oligonucleotide buffers for use in generating molecular circuits and their application to DNA
nanostructure formation and growth. In particular, the present disclosure provides materials and
methods for modulating polynucleotide concentrations using DNA strand-displacement to control
molecular reactions for various applications, such as drug delivery, RNA-based therapeutics,

chemical synthesis, and nanostructure assembly.

BACKGROUND

[8004] In recent years, a diverse set of mechanisms have been developed that enable DNA
strands with specific sequences to sense information in their environment, and to act as directives
to control material assembly, disassembly and reconfiguration. Information encoded in sequences
of DNA can serve as the inputs and outputs for DNA computing circuits, enabling DNA circuits
to act as chemical information processors to program complex behavior in chemical and material
systems. Interfaces exist that can release strands of DNA in response to chemical signals, specific
wavelengths of light, pH or electrical signals, and DNA strands can direct the self-assembly and
dynamic reconfiguration of DNA nanostructures, regulate particle assemblies, control

encapsulation, and manipulate materials including DNA crystals, hydrogels, and vesicles. These
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classes of interface have the potential to enable chemical circuits to exert algorithmic control over
responsive materials.

[80065] In addition, molecular self-assembly based on DNA displacement is a powerful
technology that could enable the bottom-up construction of complex structures such as those seen
in biology. Self-assembly often proceeds via crystallization where monomers nucleate and grow
above a critical monomer concentration. The chemical potential of the crystallization process is
determined by how far the monomer concentration is above the critical concentration for growth.
At monomer concentrations well above the critical concentration, nucleation and growth will occur
simultaneously. It is often desired to grow crystals from nucleating seeds to control the identity
and purity, quantity, and location of the final products. However, there is a narrow range of
monomer concentrations in which isothermal growth from nucleating seeds is favored without
additional homogenous nucleation, especially in the case of simple 1D crystals. As crystals grow,
monomer depletion reduces the chemical potential for growth and in batch reactions growth will
eventually stop when the monomer concentration reaches the critical concentration. The higher the
seed concentration used, the faster monomer depletion occurs. Thus, monomer depletion limits the
lifetime of active growth and the range of conditions over which growth can occur. Monomer
depletion can be circumvented with continuous flow reactors that continually replenish monomers
to maintain a constant chemical potential for crystal growth. However, physical addition of
monomers is not always practical, such as in reactions occurring inside vesicles or artificial cells
so other mechanisms of regulation may be desired.

[8006]  Self-assembly in biology is sustained through chemical regulation of monomer
concentrations. For example, the concentrations of self-assembling tubulin monomers are tightly
regulated by the cell during microtubule growth. Cells control the flow of chemical energy to
produce and degrade tubulin monomers in order to maintain homeostasis. Regulation of tubulin
concentrations allows cells to continuously sustain microtubule growth and respond to changes in
growth demand, such as an increased number of active microtubule organizing centers during cell
division or migration. Since active growth is continuously sustained, cells can build complex
hierarchical cytoskeletal structures by sequentially activating branch points that serve as new
growth sites. These dynamic growth capabilities would be difficult to implement in a batch
crystallization process where monomer depletion limits the active growth time. Such behaviors

could be obtained in a continuous flow reactor, but some sort of feedback from the growth process
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would be required to adjust flow rates or monomer concentrations in the inlet stream to meet

changes in growth demand.
SUMMARY

[8007] Embodiments of the present disclosure includes composition for modulating
concentration of a polynucleotide. In accordance with these embodiments, the composition
includes a source complex comprising a single-stranded target polynucleotide, and a single-
stranded initiator polynucleotide capable of associating with the source complex to displace the
target polynucleotide from the source complex, wherein the concentration of the target
polynucleotide is modulated by altering the concentrations of at least one of the source complex
or the initiator polynucleotide.

{6008] In some embodiments, the composition further includes a sink complex, wherein the
sink complex includes a double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide, wherein the complementary
single-stranded polynucleotide is at least partially complementary to both the target polynucleotide
and the initiator polynucleotide.

{6009]  In some embodiments, the source complex includes a double-stranded polynucleotide
comprising the single-stranded target polynucleotide and a complementary single-stranded
polynucleotide, wherein the complementary single-stranded polynucleotide is at least partially
complementary to both the target polynucleotide and the initiator polynucleotide.

{0018] In some embodiments, the initiator polynucleotide is at a concentration ranging from
about 100 nM to about 1 mM.

[8011] In some embodiments, the double-stranded polynucleotide comprising the single-
stranded initiator polynucleotide and a complementary single-stranded polynucleotide is at a
concentration ranging from about 100 nM to about 1 mM.

{6012] In some embodiments, the double-stranded polynucleotide comprising the single-
stranded target polynucleotide and a complementary single-stranded polynucleotide is at a
concentration ranging from about 100 nM to about 1 mM.

j60013] In some embodiments, the concentration of the initiator polynucleotide, the
concentration of the double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide, and the concentration of the

double-stranded polynucleotide comprising the single-stranded target polynucleotide and a
3
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complementary single-stranded polynucleotide are higher than the concentration of the single-
stranded target polynucleotide.

[8014] In some embodiments, the target polynucleotide comprises from about 10 to about 100
nucleotides.

{0015] In some embodiments, the initiator polynucleotide comprises from about 10 to about
100 nucleotides.

[6016] In some embodiments, the target polynucleotide and the initiator polynucleotide include
at least one toehold domain.

{80017] In some embodiments, the toehold domain comprises from about O to about 7
nucleotides.

{6018] In some embodiments, the composition further includes a reporter complex comprising
a reporter molecule.

{0019} In some embodiments, the reporter complex includes a double-stranded polynucleotide
comprising a single-stranded reporter polynucleotide and a complementary single-stranded
quencher polynucleotide, wherein the reporter polynucleotide is at least partially complementary
to both the quencher polynucleotide and the target polynucleotide.

[0020] In some embodiments, the reporter molecule is selected from the group consisting of a
bioluminescent agent, a chemiluminescent agent, a chromogenic agent, a fluorogenic agent, an
enzymatic agent and combinations or derivatives thereof.

{0021} In some embodiments, the reporter polynucleotide comprises from about 10 to about
100 nucleotides.

[0022] In some embodiments, the composition further includes a competitor complex.

{68023] In some embodiments, the competitor complex includes a double-stranded
polynucleotide comprising a first single-stranded competitor polynucleotide and a second
complementary single-stranded competitor polynucleotide, wherein the first competitor
polynucleotide is at least partially complementary to both the second competitor polynucleotide
and the target polynucleotide.

{6024]  In some embodiments, the competitor polynucleotide comprises from about 10 to about

100 nucleotides.
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{6025] In some embodiments, the target polynucleotide and the initiator polynucleotide include
at least one of a DNA molecule, an RNA molecule, a modified nucleic acid, or a combination
thereof.

{0026] Embodiments of the present disclosure also include a method of modulating
concentration of a polynucleotide. In accordance with these embodiments, the method includes
formulating a composition comprising a source complex comprising a single-stranded target
polynucleotide and a single-stranded initiator polynucleotide capable of associating with the
source complex to displace the target polynucleotide from the source complex, and increasing or
decreasing the concentration of the initiator polynucleotide in the composition to modulate the
concentration of the target polynucleotide.

{0027] In some embodiments, the method further includes a sink complex, wherein the sink
complex comprises a double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide, wherein the complementary
single-stranded polynucleotide is at least partially complementary to both the target polynucleotide
and the initiator polynucleotide.

{0028] In some embodiments, the source complex comprises a double-stranded polynucleotide
comprising the single-stranded target polynucleotide and a complementary single-stranded
polynucleotide, wherein the complementary single-stranded polynucleotide is at least partially
complementary to both the target polynucleotide and the initiator polynucleotide.

{6029] In some embodiments, the method further includes a reporter complex comprising a
reporter molecule, wherein the reporter complex comprises a double-stranded polynucleotide
comprising a single-stranded reporter polynucleotide and a complementary single-stranded
quencher polynucleotide, wherein the reporter polynucleotide is at least partially complementary
to both the quencher polynucleotide and the target polynucleotide.

{0030] In some embodiments, the method further includes a competitor complex, wherein the
competitor complex comprises a double-stranded polynucleotide comprising a first single-
stranded competitor polynucleotide and a second complementary single-stranded competitor
polynucleotide, wherein the first competitor polynucleotide is at least partially complementary to

both the second competitor polynucleotide and the target polynucleotide.
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{6031] In some embodiments, the modulation of the target polynucleotide comprises increasing
the concentration of the target polynucleotide, wherein the target polynucleotide displaces a small
molecule target bound to an aptamer by binding to at least a portion of the aptamer.

{0032] In some embodiments, the modulation of the target polynucleotide comprises increasing
the concentration of the target polynucleotide, wherein the target polynucleotide alters one or more
conformation properties of a nucleic acid-based hydrogel.

[6033] Embodiments of the present disclosure also include a system for modulating
concentration of two or more polynucleotides. In accordance with these embodiments, the system
includes a first composition comprising a first source complex comprising a first single-stranded
target polynucleotide and a first single-stranded initiator polynucleotide capable of associating
with the first source complex to displace the first target polynucleotide from the first source
complex, and at least a second composition comprising a second source complex comprising a
second single-stranded target polynucleotide and a second single-stranded initiator polynucleotide
capable of associating with the second source complex to displace the second target polynucleotide
from the second source complex, wherein the concentrations of the first and second target
polynucleotides are modulated independently within the system by altering the concentrations of
at least one of the first and second source complexes or the first and second initiator
polynucleotides.

{6034] Embodiments of the present disclosure also include a composition for modulating DNA
nanostructure formation and growth. In accordance with these embodiments, the composition
includes a first source complex comprising two or more single-stranded polynucleotides, a second
source complex comprising two or more single-stranded polynucleotides, and an initiator complex
comprising two or more single-stranded polynucleotides. In some embodiments, the initiator
complex is capable of associating with the first and/or second source complex to displace a
polynucleotide from the first or the second source complex. In some embodiments, the growth of
the nanotube is modulated by altering a concentration of a polynucleotide of at least one of the
first and/or second source complex or the initiator complex.

{0035] Embodiments of the present disclosure also include a system for modulating DNA
nanostructure formation and growth by modulating the concentration of one or more nanostructure
monomers. In accordance with these embodiments, the system includes a first composition

comprising a first source complex that is a first inactive nanostructure monomer comprising two

6



WO 2020/047435 PCT/US2019/049105

or more single-stranded polynucleotides, a first sink complex comprising one or more single-
stranded polynucleotides, and a first initiator complex comprising two or more single-stranded
polynucleotides that is capable of associating with the first source complex to produce a first active
nanostructure monomer. The system also includes at least a second composition comprising a
second source complex that is a second inactive nanostructure monomer comprising two or more
single-stranded polynucleotides, a second sink complex comprising one or more single-stranded
polynucleotides, and a second initiator complex comprising two or more single-stranded
polynucleotides that is capable of associating with the second source complex to produce a second
active nanostructure monomer. In some embodiments, the growth of the nanostructure is
modulated by independently altering the concentration the first and second active monomers by
changing the concentrations of at least one of the first and second source complexes the first and

second initiator complexes or the first and second sink complexes.
BRIEF DESCRIPTION OF THE DRAWINGS

j0036] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawings will be provided by the Office
upon request and payment of the necessary fee.

{0037] FIG. 1. A representative schematic diagram of DNA oligonucleotide buffers that can be
used to regulate the concentration of a target sequence (X) of DNA (blue) that is initially
sequestered within a source complex. Source dissociates in the presence of an initiator strand to
release the target sequence and a conjugate sink complex.

[0038] FIGS. 2A-2C. Resisting disturbances. When X is added to or removed from an
unbuffered solution, its change in concentration is exactly equal to the amount of X added or
removed (yellow, slope=1). In contrast, a buffer solution with the form in Eqn 3 (Appendix A) can
absorb some of the disturbance to prevent [X] from changing as steeply (cyan, with K., = 0.026).
For large enough disturbances the buffer is overwhelmed, at which point the slope again
approaches 1 (FIG. 2A). For small disturbances, the slope is approximately linear and is much less
than 1 (FIG. 2B). The buffer capacity is the amount of disturbance that can be absorbed while
maintaining [X] within a target range (e.g., a range of £10% of [X].,). The capacity is proportional
to the total concentration of reactants, and its proportionality coefficients ¢* and ¢~ are functions

of the relative reactant concentrations (Eqns 10-11 in Appendix A) (FIG. 2C).
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{6039] FIGS. 3A-3C. A DNA strand-displacement buffer circuit that regulates the
concentration of a target DNA strand X. X is initially bound within a source complex. Source
reacts reversibly with initiator to release X, also creating a sink molecule, which drives the reverse
reaction (FIG. 3A). The concentration of X is monitored by a reporter complex. X reacts reversibly
with reporter to separate a quencher-fluorophore pair, increasing the intensity of fluorescence.
When sequestered in the source complex, the first toehold domain (black) on X is not available to
initiate reactions with the reporter (FIG. 3B). A competitor complex (commonly used as a
“threshold” in other strand-displacement literature®®) can irreversibly bind and sequester X via a
fast 7nt toehold, reducing its free concentration in solution. A “leakless” architecture was used to
suppress reactions between species not designed to react (FIG. 3C).

{0040] FIGS. 4A-4C. Concentration parameter space showing equilibration of [X] with varied
concentrations of [S]y, [I]p, and [N],. Experimental data (solid lines) showing approach to
equilibrium. Exponential fits shown as dashed lines (FIG. 4A). Equilibrium concentration vs.
[Slg = [1]g. Cyan points correspond to the [S]y = [I]g = 8 uM trajectories from panel (a), yellow
points to yellow trajectories, and red to red (FIG. 4B). Relaxation time constants vs. [N],. Error

bars here and elsewhere depict 95% confidence intervals (1.960 /+/n) (FIG. 4C).

{6041]  FIGS. SA-5E. Response of the oligonucleotide buffer to disturbances. An 8 uM uniform
buffer for target species X disturbed with additions of 50 nM excess X every three hours.
Differences in the amount of time required to add and mix the disturbances into the wells (during
which no measurements were made) of a 96-well plate cause differences between the peak
amplitudes of the disturbances. (FIG. 5A) Since the fastest changes in concentration occur
immediately after the disturbance is added, the first measured value of [X] is highly dependent on
this delay time. Addition of 50nM X disturbances to a solution containing no buffering reaction,
showing cumulative increase in concentration (FIG. 5B). The change in equilibrium concentration
of X vs. the total concentration of X added as disturbance for the buftered data in panel (a) (FIG.
5C). An 8 uM buffer disturbed with an addition of 100 nM competitor, C, which consumes X (FIG.
5D). An 8 uM buffer disturbed with large pulses of 250 nM X, followed by 250 nM competitor
(FIG. 5E).

[0042] FIGS. 6A-6C. Buffers for different oligonucleotides operate in tandem without
crosstalk. Uniform 8 uM buffer for a second sequence Xz before and after a 50 nM addition of Xo.
The reporter for X2 uses a HEX fluorophore (FIG. 6A). Uniform 8 pM buffer for X before and

8
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after a 50 nM addition of X (FIG. 6B). (Using the reporter in Fig. 2¢ with FAM fluorophore). The
concentrations of X and Xz in a solution containing 8 uM uniform buffers (and associated
reporters) for both sequences, with 50 nM disturbances added at the same times as (a) and (b)
(FIG. 6C).

{0043] FIG. 7. Faster responses to disturbances by a buffer with longer toeholds. A 1nt source
toehold and a 4nt sink toehold were used to increase the rate of response of a uniform 8 uM fast
buffer. X was added to disturb the system at times noted.

[8044] FIG. 8. Detailed diagram for O-nucleotide reaction between the slow Source and slow
Initiator, with a 0 nucleotide toehold (no toehold) on the forward reaction. The reaction is initiated
when the end base pair on the Source complex frays open, effectively creating a transient 1-
nucleotide “toehold” for the Initiator to bind. Branch migration and displacement of the signal
strand X then proceeds as usual for an ordinary toehold-mediated strand-displacement reaction.
Signal X and sink N are produced, and the reaction is reversible.

{0045] FIG. 9. Fast buffer reaction diagram showing the 1-nucleotide toehold on Source
(FAST) that drives the forward reaction shown here faster than the forward reaction (FIG. 3A),
and the 4-nucleotide Sink (FAST) toehold that drives the reverse reaction shown here faster than
the comparable reverse reaction (FIG. 3A). Making ksink faster decreases the response time of the
buffer.

{6046] FIGS. 10A-10B. Reporter Calibrations. Full complement calibration to convert from
raw fluorescence in counts per second to the concentration of unquenched fluorophore [Rr] in
solution (FIG. 10A). Reverse calibration to convert from [Rr] to [X] (FIG. 10B).

{0047} FIGS. 11A-11C. Comparison between reporters with different toehold lengths, using a
simple bimolecular model to simulate the kinetics. For both simulations an 8uM uniform bufter
was used with a Ont source toehold and a 2nt sink toehold, with [Reporter]o=[RgJo=100nM. A
reporter with 5nt toeholds correctly recapitulates the kinetics of the buffering reaction. This is the
reporter selected for various experiments described herein (FIG. 11A). A slower reporter with 2nt
toeholds is not fast enough to recapitulate the kinetics of the buffering reaction (FIG. 11B). The
fast buffer (with Ont source toehold, and 2nt sink toehold) equilibrates faster than the Snt reporter
indicates it does (FIG. 11C).

[0048] FIGS. 12A-12D. Three-step model®™* of a DNA strand-displacement reaction, in

which an input or invader strand displaces an incumbent or output strand from a complex. Invader
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is single-stranded, while the incumbent strand 1s initially hybridized to the complex (FIG. 12A).
Invader binds to the complex via a short unstable “toehold” domain (black, t), which initiates the
displacement reaction (FIG. 12B). In a random walk process, the invader strand competes with the
incumbent strand to occupy the longer “recognition” domain (cyan, 1) (FIG. 12C). The incumbent
strand, now bound only by the short unstable toehold domain, dissociates from the complex (FIG.
12D). All steps in the reaction are reversible. The lengths of the toehold domains determine the
rate constants with which strands dissociate from the complex when bound only by the toehold.
These rate constants determine the effective rate constant of the entire strand-displacement
reaction.

{6049]  FIG. 13. Three-step model predictions of buffer kinetics with different concentrations
of Source, Initiator, and Sink. Blue lines correspond to buffers with [S]o=[I]Jo=8uM, yellow to
[S]o=[1]o=4uM, and red to [S]o=[I]o=2uM. [Reporter|=100nM, with [Rq]=100nM.

[0050] FIGS. 14A-14B. Three-Step Model Predictions of the relaxation time constant with and
without the reporter present. Time constants with no reporter, showing no significant dependence
of the time constant on the concentrations of Source and Initiator (FIG. 14A). Time constants with
reporter included ([Reporter]o=100nM, with [Rq] 0=100nM), showing dependence of time constant
on the initial concentrations of Source and Initiator (FIG. 14B). Note: toehold occlusion effects
are not included in these simulations.

{6051] FIGS. 15A-15D. The effect of toehold occlusion on buffers with negative disturbances.
DNA strand-displacement diagram illustrating the Initiator occluding the Competitor’s toehold
(FIG. 15A). Three-step model simulation of a buffer responding to a negative disturbance of
[C]=100nM  without any occlusion (initial concentrations at [S]=[I]=[N]=8uM,
[Reporter]=100nM, [Rqo]=100nM) (FIG. 15B). The same simulation as in b, with occlusion effects
included between I+Reporter, [+Rr, and I+N. The equilibrium concentration is reduced (FIG.
15C). The same simulation as in ¢, with the occlusion of I+C included (FIG. 15D). The negative
disturbance is damped, as observed experimentally in FIG. SA. This occlusion effectively reduces
the reaction rate constant between X and the competitor C, which prevents the disturbance species
from reacting quickly to consume X.

[0052] FIG. 16. Time constants as a function of total disturbance of X added to an 8uM uniform
buffer fit to data from FIG. 5A, in which a 50nM disturbance is repeatedly added to the system

10



WO 2020/047435 PCT/US2019/049105

and then allowed to equilibrate. The time constant to relax to equilibrium does not vary
significantly for the range of disturbances tested.

[8053] FIGS. 17A-17B. Negative disturbances to the 8uM uniform fast buffer with additions
of competitor as noted in the figure. A zoomed in plot showing the rapid response to the
disturbances (FIG. 17A), and a zoomed out plot showing the gradual consumption of competitor,
after which the system recovers to equilibrium (FIG. 17B).

[0054] FIG. 18. A representative sequential release circuit. At each stage, an output molecule
isreleased, and then the next stage is triggered. The red stage triggers the cyan stage, which triggers
the green stage, etc.

[6055] FIGS. 19A-19B. Asynchronous Sequential Release. The reaction cascade consists of
stages of Payload and Convert complexes (see FIG. 10). At each stage, a Trigger molecule first
reacts quickly with the Payload to release a fluorescent Output into solution. Any remaining
Trigger then reacts slowly with the Convert complex, which converts it into the Trigger molecule
for the next stage (FIG. 19A (SEQ ID NOs: 1, 227-236)). Experimental data showing the
fluorescent Outputs being released in order, with 25nM Payloads and 37.5- (4 —i)nM
Convertiji+1. Leakless architecture was used to prevent some unintended leak reactions between
Converti-i+1 and Payloadi complexes (FIG. 19B).

[8056] FIGS. 20A-20C. Clocking. Clock production DSD circuit (FIG. 20A (SEQ ID NOs: 1,
3, and 237)). Experimental data showing the production circuit releasing Trigger1, with 1uM
Source and Initiator, without a downstream sequential release cascade (FIG. 20B). The sequential
release cascade connected to the production circuit with 1uM Source and Initiator, 25nM Payloads,
and 37.5 - (4 —i)nM Convertii+1 (FIG. 20C). The timing of release events is now rate limited by
the production circuit, making the delay times between stages roughly linear.

{0057] FIGS.21A-21C. Branching. DSD diagram for a conditional Converti12a complex, which
is active in the presence of an associated Deprotect strand (see sequences for parallel Converti s
system in FIG. 9). Experimental results for a branched two-stage sequential release program, with
branch 2A deprotected (FIG. 21B). Experimental results for a branched two-stage sequential
release program, with branch Bb activated (FIG. 21C). For both FIGS. 21A-21B (SEQ ID NOs:
229 and 238-240), 1uM Source and Initiator was used, 25nM Payloads, 37.5nM Convert
complexes, and 50nM of the stated Deprotect strands.

11
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{6058] FIG. 22. Hydrogel-based drug delivery. Representative schematic diagrams of the use
of the oligonucleotide buffer compositions and systems disclosed herein within a drug deliver
matrix (e.g., hydrogel).

[0059] FIGS. 23A-23D. Seeded DNA nanotube design and growth. FIG. 23A, DNA tile design.
Left: DNA nanotubes are composed of monomers, termed DNA tiles that are composed of five
strands of DNA that fold into a double crossover structure with single stranded sticky ends. Right:
complementarity between tile sticky ends program the tiles to self-assemble into a specific lattice
that cyclizes to become a nanotube. FIG. 23B, DNA origami seed design. The seed is a cylindrical
DNA origami folded from single-stranded M 13 bacteriophage DNA. One face of the seed is bound
to DNA tile adapter strands that present one set of sticky ends. There are six tile adapters around
the circumference of the seed providing a stable nucleus for nanotube growth (inset). FIG. 23C,
DNA nanotube growth in different tile concentration regimes. Left: plot of the free tile
concentrations during nanotube growth initiated in the unseeded (light blue), seeded (blue), or no
(dark blue) growth regimes. The DNA origami seed has a slight nucleation barrier, so the minimum
tile concentration required to nucleate nanotubes from seeds is slightly higher than the critical tile
concentration for nanotube growth (dashed line). Right: schematics of nanotube growth in the
different growth regimes. Fluorescence micrographs depict nanotubes (green) and seeds (red) after
24 hours of growth at different tile concentrations. The 1000 nM tiles sample did not contain seeds.
Scale bars: 10 um. d, Schematic of an ideal nanotube growth system in which feedback control
maintains a specific free tile concentration by replenishing tiles as they are depleted from growth.
[8060] FIGS. 24A-24D. Characterization of DNA nanotube growth at low and high fixed tile
concentrations. FIG. 24A, Fluorescence micrographs of nanotubes and seeds after growth with the
specified concentrations of tiles and seeds. Scale bars: 10 pm. FIG. 24B, Mean seeded nanotube
lengths during growth with different seed concentrations. Error bars represent 95% confidence
intervals from bootstrapping. FIG. 24C, Fractions of seeds with nanotubes (left) and nanotubes
with seeds (right) after 72 hours of growth with different seed concentrations. Error bars represent
95% confidence intervals of proportions. FIG. 24D, Histograms of seeded nanotube lengths for
the samples in (FIG. 24A).

[0061] FIGS. 25A-25C. Stochastic kinetic simulations of seeded nanotube growth with and
without tile depletion. FIG. 25A, Reactions of the kinetic model. Tiles can reversibly bind to a

growing nanotube (left) or to an open seed face (right). The presence of a nucleation barrier for
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the seed” was modeled as a higher off rate for tiles bound to a seed than tiles bound to a nanotube.
FIGS. 25B, 25C, Simulation results for nanotube growth with (FIG. 25B) or without (FIG. 25C)
tile depletion with an initial tile concentration of 150 nM. Only the concentration of the REd tiles
is shown for clarity as the SEd tiles follow the same trajectories. For the simulations, kon = 2x10°
M5t AGrnt = -9.3 kcal/mol, korr, T-s = 6*¥koFr, T-NT.

{0062] FIGS. 26A-26D. Tile concentration buffering is predicted to resist changes in tile
concentrations during nanotube growth. FIG. 26A, Reaction network for tile concentration
buffering. Inactive Source complexes (Si) react with Initiator complexes (li) via a strand
displacement reaction initiated by a single-stranded toehold domain (TH, 1) to produce active tiles
(Ti) and Sink strands (Ni). The active tiles and Sink strands can react via a strand displacement
reaction initiated by a single-stranded toehold domain (THy, i) to reverse the tile production
reactions. FIG. 26B, Inactive Source tiles cannot bind to seeds or a growing nanotube face.
Incorporation of the active tiles into nanotubes sequesters the toehold domains for the reverse
reactions of the reaction network in (FIG. 26A). FIG. 26C, Tile incorporation into nanotubes
causes the reaction network to produce more active tiles to resist a change in the equilibrium tile
concentration. FIG. 26D, Stochastic kinetic simulation results for nanotube growth with tile
concentration buffering. The same parameters from the simulations in FIG. 25 were used here. The
forward and reverse buffering reaction rate constants were assumed to be 1x10%> M!s! and 1x10*
Ms respectively. The Source and Initiator concentrations were 5.5 uM and Sink strand
concentrations were 1.69 pM to set the equilibrium tile concentration to roughly 150 nM. No active
tiles were present at the beginning of the simulations.

[0063] FIGS. 27A-27E. Nanotube growth is significantly improved with tile concentration
buffering compared to growth with 150 nM tiles. FIG. 27A, Fluorescence micrographs of seeded
nanotubes during growth with tile concentration buffering (Buffering) or with 150 nM tiles. Scale
bars: 10 um. FIG. 27B, mean seeded nanotube lengths during growth with and without tile
concentration buffering at different seed concentrations. Error bars represent 95% confidence
intervals from bootstrapping. FIG. 27C, Histograms of seeded nanotube lengths during growth
with 0.33 nM seeds. FIG. 27D, Fractions of nanotubes with seeds (top) and seeds with nanotubes
(bottom) after growth with different seed concentrations. Error bars represent 95% confidence

intervals of proportions. FIG. 27E, mean concentration of tiles incorporated in nanotubes during
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growth. The 150 nM tiles samples (gray) all converge to 50 — 70 nM. Tile concentration buffering
reactions were conducted as described in the methods.

[8064] FIGS.28A-28D. Thetile concentration buffer adapts to changes in growth demand. FIG.
28A, Fluorescence micrographs of seeded nanotubes during growth with 150 nM tiles or with tile
concentration buffering (Buffering). S1 seeds (0.1 nM) were present at the beginning of the
experiment and after 24 hours S2 seeds (0.1 nM) were added. The S1 and S2 seeds were identical
other than being labeled with different fluorescent tags. Scale bars: 10 pm. FIG. 28B, Histograms
of seeded nanotube lengths during nanotube growth with tile concentration buffering. FIG. 28C,
mean seeded nanotube lengths during growth with and without tile concentration buffering for
nanotubes grown from the S1 seeds (left) or the S2 seeds (right). Error bars represent 95%
confidence intervals from bootstrapping. FIG. 28D, Fractions of each seed with nanotubes during
nanotube growth. Error bars represent 95% confidence intervals of proportions. Tile concentration
buffering reactions were conducted as described further herein.

[0065] FIGS. 29A-29G. A stochastic kinetic model recapitulates the experimental results for
nanotube growth with tile concentration buffering. FIGS. 29A-29C, Comparison of experimental
results to stochastic simulations for mean seeded nanotube lengths (FIG. 29A), fraction of seeds
with nanotubes (FIG. 29B), mean concentration of tiles incorporated into nanotubes (FIG. 29C),
and nanotube length distributions (FIG. 29D) during nanotube growth with tile concentration
buffering (dashed lines represent simulation results). FIGS. 29E-29G, Simulations of tile
concentration buffering species during nanotube growth. Only the REd buffering species are
shown as the SEd species follow the same trajectories. Solid lines represent the theoretical
equilibrium values of the buffering species during the course of the reaction. Stochastic
simulations were conducted using a kr of 1x10° M!s! and a k: of 1x10> M™'s™! for the buffering
reaction rate constants and the concentrations of the buffering species described in the methods.
{0066] FIGS. 30A-30D. With a fixed 1000 nM of tiles, nanotube growth produces similar
results with and without seeds. FIGS. 30A-30C, Fluorescence micrographs of 1000 nM tiles grown
without and with 0.1 nM (FIG. 30A), 0.33 nM (FIG. 30B), 1 nM (FIG. 30C) seeds. Scale bars: 10
um. Samples without seeds were imaged at the same dilutions as corresponding samples with
seeds. Histograms of nanotube lengths are shown below the fluorescence micrographs. The same
number of nanotubes nucleate, the mean nanotube lengths are the similar, and similar broad length

distributions are observed for nanotubes growth both with and without seeds.
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{6067] FIGS. 31A-31D. A stochastic kinetic model recapitulates the experimental results for
nanotube growth with 150 nM tiles (see FIG. 24). FIGS. 31A-31C, Comparison of experimental
results to stochastic simulations for mean seeded nanotube lengths (FIG. 31A), fraction of seeds
with nanotubes (FIG. 31B), mean concentration of tiles incorporated into nanotubes (FIG. 31C),
and nanotube length distributions (FIG. 31D) during nanotube growth with 150 nM tiles (dashed
lines represent simulation results). Stochastic simulations conducted with 250 seeds using: kon =
2x10° M s korr, T-s = 6* korr, N1, AG = -9.3 kcal/mol.

[0068] FIGS. 32A-32E. Nanotube growth with buffering for different tile concentration
setpoints. All reactions were conducted with an initial concentration of 5.5 uM for the Source and
Initiator complexes and the concentrations of the Sink strands were varied (FIG. 32A). FIG. 32A,
Table of the initial concentrations of the Sink strands (N) and the theoretical equilibrium tile
concentration for the initial conditions (calculated as described herein). FIGS. 32B-32E,
Quantification of mean seeded nanotube lengths (FIG. 32B), mean concentration of tiles
incorporated into nanotubes (FIG. 32C), fraction of nanotubes with seeds (FIG. 32D), and fraction
of seeds with nanotubes (FIG. 32E) for nanotube growth with the tile concentration buffering
conditions described in (FIG. 32A) at three different seed concentrations. Sink concentrations of
1 uM and 1.25 pM produce similar growth results and increasing the Sink concentration further
results in less growth.

{6069] FIG. 33. Fluorescence micrographs of nanotube growth with buffering in the absence of
seeds. These experiments were conducted alongside the experiments in FIG. 32. Other than the 1
uM Sink sample there is not much nanotube growth without seeds. All images taken after a 100x
dilution of the sample (the same dilution used to image the 0.1 nM seed samples in FIG. 32). Scale
bars: 10 pm.

{0070] FIGS. 34A-34F. Mean nanotube length quantification can be skewed for samples with
long nanotubes as longer nanotubes are prone to breaking during imaging. FIGS. 34A-34C,
Quantification of mean seeded nanotube lengths (FIG. 34A), fraction of nanotubes with seeds
(FIG. 34B), and nanotube length distributions (FIG. 34C) during nanotube growth with buffering
using 5.5 uM of Source and Initiator complexes and 1.25 pM Sink strands. In the 0.1 nM sample,
after 48 hrs when the nanotubes are roughly 10 pm long, there is a significant drop in the fraction
of nanotubes with seeds (FIG. 34B) and shorter nanotubes start to arise in the length distributions

(FIG. 34C). It was observed that the long nanotubes in these samples were prone to breaking as
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they attached to coverslip surface during imaging. Nanotubes breaking results in an increase in the
number of nanotubes without seeds and a broadening in the length distributions. Given hardly any
growth is observed with tile concentration in the absence of seeds (FIG. 33) these results are not
consistent with unseeded nanotube growth over the course of the experiments. Nanotubes breaking
during imaging skews the quantification of mean seeded nanotube length, resulting in shorter
average lengths for samples with long nanotubes. For example, looking at the length distributions
of the sample with 0.1 nM seeds after 72 hrs (FIG. 34C, top panel), there appears to be two
distributions of seeded nanotube lengths, one centered around 18 um and another between 5 — 10
um (where nanotubes are short enough to that they do not break). These results suggest, in the
absence of nanotubes breaking, that the actual mean seeded nanotube length after 72 hrs is around
18 — 20 um rather than the 11 um. FIGS. 34D-34F show similar results to (FIGS. 34A-34C) but
for nanotubes grown with buffering using 1.5 uM of each Sink strand.

{0071} FIGS. 35A-35D. Despite producing similar final results, nanotube growth with
buffering proceeds much differently than growth with a fixed 1000 nM tiles and results in much
more monodispersed nanotube lengths. FIG. 35A, Histograms of seeded nanotube lengths during
growth. FIG. 35B, mean seeded nanotube lengths during growth with and without tile
concentration buffering at different seed concentrations. Error bars represent 95% confidence
intervals from bootstrapping. FIG. 35C, mean concentration of tiles incorporated in nanotubes
during growth. d, Fractions of seeds with nanotubes (left) and nanotubes with seeds (right) after
72 hours of growth with different seed concentrations. Error bars represent 95% confidence
intervals of proportions.

[0072] FIGS. 36A-36E. Nanotube growth with a fixed 1000 nM tiles does not sustain active
growth like buffering. FIG. 36A, Fluorescence micrographs of seeded nanotubes during growth
with a fixed 1000 nM tiles or with tile concentration buffering (Buffering). S1 seeds (0.1 nM) were
present at the beginning of the experiment and after 24 hours S2 seeds (0.1 nM) were added. The
S1 and S2 seeds were identical other than being labeled with different fluorescent tags. Scale bars:
10 um. FIG. 36B, Histograms of seeded nanotube lengths during nanotube growth with a fixed
1000 nM tiles. The distributions for the S1 and S2 seeds are very similar indicating the S2 seeds
attached to nanotubes are likely the results of seeds joining to preexisting tubes rather than seeds
nucleating growth. FIG. 36C, mean seeded nanotube lengths during growth with and without tile

concentration buffering for nanotubes grown from the S1 seeds (left) or the S2 seeds (right).
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Growth stops after 8 hours for the 1000 nM tiles samples on both seeds, further supporting that the
nanotubes attached to S2 seeds are the result of joining rather than active growth. Error bars
represent 95% confidence intervals from bootstrapping. FIG. 36D, Fraction of seeds with
nanotubes during nanotube growth. Error bars represent 95% confidence intervals of proportions.
FIG. 36E, Fraction of nanotubes with seeds during nanotube growth, showing significant unseeded
growth for the 1000 nM tiles sample. These fractions were computed based on the total number of
seeded nanotubes for both seeds so there is an increase in the number of nanotubes with seeds after
24 hours due to the S2 seeds joining to unseeded nanotubes. Tile concentration buffering reactions
were conducted as described in the methods provided herein.

{6073] FIGS.37A-37E. FIGS. 37A-37C, Comparison of stochastic simulations to experimental
results of nanotube growth with tile concentration buffering for mean seeded nanotube lengths,
fraction of seeds with nanotubes, mean concentration of tiles incorporated into nanotubes.
Simulations in (FIG. 37A), (FIG. 37B), and (FIG. 37C) were conducted with different values of
kon. FIG. 37D-37F, Tile concentrations during nanotube growth in the simulations in (FIG. 37A),
(FIG. 37B), and (FIG. 37C), respectively. Only the R tiles are shown as the S tiles follow the same
trajectories. Solid lines represent the theoretical equilibrium values of the buffering species during
the course of the reaction. Stochastic simulations were conducted with 250 seeds using a kr of
1x10% M!s™t and a k: of 1x10* M!s™ for the buffering reaction rate constants and the buffering
species concentrations described in the methods provided herein.

{0074] FIGS. 38A-38F. FIGS. 38A-38C, Comparison of stochastic simulations to experimental
results of nanotube growth with tile concentration buffering for mean seeded nanotube lengths,
fraction of seeds with nanotubes, mean concentration of tiles incorporated into nanotubes.
Simulations in (FIG. 38A), (FIG. 38B), and (FIG. 38C) were conducted with different values of
kon. FIGS. 38 A-38C, Tile concentrations during nanotube growth in the simulations in (FIG. 38A),
(FIG. 38B), and (FIG. 38C), respectively. Only the R tiles are shown as the S tiles follow the same
trajectories. Solid lines represent the theoretical equilibrium values of the buffering species during
the course of the reaction. Stochastic simulations were conducted with 250 seeds using a kr of
1x10° Mst and a kr of 1x10? M5! for the buffering reaction rate constants and the buffering
species concentrations described in the methods provided herein. The results of (FIG. 38B) are

presented in the FIG. 29.
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{6075] FIGS.39A-39H. FIGS. 39A-39D, Comparison of stochastic simulations to experimental
results of nanotube growth with tile concentration buffering for mean seeded nanotube lengths,
fraction of seeds with nanotubes, mean concentration of tiles incorporated into nanotubes.
Simulations in (FIG. 39A), (FIG. 39B), (FIG. 39C), and (FIG. 39D) were conducted with different
concentrations of the Sink strands. FIGS. 39D-39F, Tile concentrations during nanotube growth
in the simulations in (FIG. 39A), (FIG. 39B), (FIG. 39C), and (FIG. 39D), respectively. Only the
R tiles are shown as the S tiles follow the same trajectories. Solid lines represent the theoretical
equilibrium values of the buffering species during the course of the reaction. Stochastic
simulations were conducted with 250 seeds using a kr of 1x10° M's™! and a kr of 1x10> M's! for
the buffering reaction rate constants and a kon of 2x10°> M!'s™! for tile attachment. The Source and
Initiator complexes were at 5.5 uM in all the simulations.

[8076] FIGS. 40A-40C. Stochastic simulations of nanotube growth with buffering show
increasing the concentrations of buffering components should increase nanotube growth capacity.
Compared to the experimental conditions used in FIG. 27 (FIG. 40A), the Source and Initiator
complex concentrations were increased 2-fold (FIG. 40B) and 5-fold (FIG. 40C) and the Sink
concentration was changed to obtain the same predicted initial active tile equilibrium value as in
(FIG. 40A). Increasing the concentrations of the tile buffering components results in increased
growth capacity. As the concentration of Source, Initiator, and Sink are increased, the rate at which
the active tile concentration drops over the course of the experiments decreases and the total
amount of tiles incorporated into nanotubes increases, particularly for the 1 nM seed samples.
Stochastic simulations were conducted with 250 seeds for (FIG. 40A) and 100 seeds for (FIGS.
40B, 40C).

{8077] FIGS. 41A-41C. Source complexes negatively affect nanotube growth. FIG. 41A,
Fluorescence micrographs of nanotubes grown with a fixed 50 nM of tiles and increasing
concentrations of the Source complexes. Nanotubes were grown with 10 pM seeds and images
were taken after 24 hours of growth. Scale bars: 10 pm. In these experiments, Tr — 3 and Ts — 3
were modified with Cy3 on their 5° ends and an unmodified Ts — 2 strand was used:
5’TCTGGTAGAGCACCACTGAGAGGT. FIG. 41B, 41C, Reversible interactions between the
Source complexes and the active tiles. These reactions could lower the effective active tile
concentration by blocking one of the sticky end strands that binds to a nanotube growth face. The

reactions shown in (FIG. 41B) should not influence the buffering reactions as they do not block
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any of the toeholds used for buffering. The reactions shown in (FIG. 41C) could influence the
buffering reactions because they block the toehold for the Tile-Sink reaction. These interactions
effectively remove active tiles from the buffering reaction network, so the buffer may compensate
for these interactions by shifting the equilibrium to produce more tiles.

[0078] FIGS. 42A-42C. Initiator complexes negatively affect nanotube growth. FIG. 42A,
Fluorescence micrographs of nanotubes grown with a fixed 50 nM of tiles and increasing
concentrations of the Initiator complexes. Nanotubes were grown with 10 pM seeds and images
were taken after 24 hours of growth. Scale bars: 10 um. In these experiments the Initiator
complexes were composed of slightly different sequences, denoted with a d prefix: dNg:
5’GTATGCATCTGTCCCTAG, dTr - 2: SCTAGGGACAGATGCATACCGGCAT, dNs:
5’TTGATCCTTAAGCGGTTG, dTs—2: TTCAACCGCTTAAGGATCAAAGAGGT. Further,
Tr — 3 and Ts — 3 were modified with Cy3 on their 5’ ends and an unmodified Ts — 2 strand was
used: 5° TCTGGTAGAGCACCACTGAGAGGT. FIGS. 42B, Reversible interactions between
the Initiator complexes and the growth face of a DNA nanotube or a seed face. The Initiator can
reversibly block growth sites, potentially slowing down growth or possibly preventing it if present
at high enough concentrations.

{00791 FIGS. 43A-43D. Representative images from the MATLAB image analysis algorithm.
FIG. 43A: the overlayed fluorescence micrographs of the image to be processed. Nanotubes are
green and seeds are red. FIG. 43B: the overlayed binary image output that was analyzed by
MATLAB to quantify the fraction of seeds with nanotubes. The blue squares indicate the seeds
that the algorithm identified as being attached to a nanotube. FIG. 43: the overlayed binary image
output that was analyzed by MATLAB to quantify the fraction of nanotubes with seeds. Note that
nanotubes at the edge of the image for (FIG. 43B) have been removed. The blue squares indicate
the nanotube endpoints that the algorithm identified as being attached to a seed. FIG. 43D: the
overlayed binary image output that was analyzed by MATLAB to quantify nanotube length. Note
the branched objects and unseeded nanotubes from the image in (FIG. 43C) have been removed.
j0088] FIG. 44. DNA tile and tile buffering components. Tr and Sk show SEQ ID NOs: 17-
21. Ts and Ss show SEQ ID NOs: 22-26.

[0081] FIG. 45. Representative of a seed composed of a scaffold strand (M13mp18 DNA
(7,240 bases)), 72 staple strands, and 24 adapter strands (strands on the adapters that possess the

tile sticky end sequences). The dark staples direct the structure to cyclize into a cylinder.
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{0082] FIG. 46. Representative depiction of six tile adapters around the circumference of a seed
face (AS1 (SEQ ID NOs: 101-104, AS2 (SEQ ID NOs: 105-108), AS3 (SEQ ID Nos: 109-112),
AS4 (SEQ ID NOs: 113-116), AS5 (SEQ ID NOs: 117-120), and AS6 (SEQ ID NOs: 121-124)),
three adapters that present the Tr sticky ends and three adapters that present the Ts sticky ends.
The adapters resemble DNA tiles composed but are bound to M13 DNA (gray) where strand 2

would normally be on the tiles.
DETAILED DESCRIPTION

{0083]  Described herein are systems, compositions, and methods related to oligonucleotide
buffers for use in generating molecular circuits and their application to DNA nanostructure
formation and growth. In particular, the present disclosure provides materials and methods for
modulating polynucleotide concentrations using DNA strand-displacement to control molecular
reactions for various applications, such as drug delivery, RNA-based therapeutics, chemical
synthesis, and nanostructure assembly.

j0084]  Section headings as used in this section and the entire disclosure herein are merely for
organizational purposes and are not intended to be limiting.

[0085]  Appendix A is being filed herewith as part of the present disclosure.
1. Definitions

[0086]  Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art. In case of conflict, the present
document, including definitions, will control. Preferred methods and materials are described
below, although methods and materials similar or equivalent to those described herein can be used
in practice or testing of the present invention. All publications, patent applications, patents and
other references mentioned herein are incorporated by reference in their entirety. The materials,
methods, and examples disclosed herein are illustrative only and not intended to be limiting.

[0087] The terms “comprise(s),” “include(s),” “having,” “has,” “can,” “contain(s),” and
variants thereof, as used herein, are intended to be open-ended transitional phrases, terms, or words
that do not preclude the possibility of additional acts or structures. The singular forms “a,” “and”
and “the” include plural references unless the context clearly dictates otherwise. The present

29 <C

disclosure also contemplates other embodiments “comprising,” “consisting of” and “consisting

essentially of,” the embodiments or elements presented herein, whether explicitly set forth or not.
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{0088]  For the recitation of numeric ranges herein, each intervening number there between with
the same degree of precision is explicitly contemplated. For example, for the range of 6-9, the
numbers 7 and 8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the number
6.0,6.1,62,63,64,6.5,6.6,6.7,6.8, 69, and 7.0 are explicitly contemplated.

[0089] The term “about” as used herein as applied to one or more values of interest, refers to a
value that is similar to a stated reference value. In certain aspects, the term “about” refers to a
range of values that fall within 20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11%, 10%,
9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, or less in either direction (greater than or less than) of the
stated reference value unless otherwise stated or otherwise evident from the context (except where
such number would exceed 100% of a possible value).

[60908] “Amino acid” as used herein refers to naturally occurring and non-natural synthetic
amino acids, as well as amino acid analogs and amino acid mimetics that function in a manner
similar to the naturally occurring amino acids. Naturally occurring amino acids are those encoded
by the genetic code. Amino acids can be referred to herein by either their commonly known three-
letter symbols or by the one-letter symbols recommended by the ITUPAC-IUB Biochemical
Nomenclature Commission. Amino acids include the side chain and polypeptide backbone
portions.

{0091} “Polynucleotide” as used herein can be single stranded or double stranded, or can
contain portions of both double stranded and single stranded sequence. The polynucleotide can be
nucleic acid, natural or synthetic, DNA, genomic DNA, eDNA, RNA, or a hybrid, where the
polynucleotide can contain combinations of deoxyribo- and ribo-nucleotides, and combinations of
bases including uracil, adenine, thymine, cytosine, guanine, inosine, xanthine hypoxanthine,
isocytosine, and isoguanine. Polynucleotides can be obtained by chemical synthesis methods or by
recombinant methods.

{6092] A “peptide” or “polypeptide” is a linked sequence of two or more amino acids linked by
peptide bonds. The polypeptide can be natural, synthetic, or a modification or combination of
natural and synthetic. Peptides and polypeptides include proteins such as binding proteins,
receptors, and antibodies. The terms “polypeptide”, “protein,” and “peptide” are used
interchangeably herein. “Primary structure” refers to the amino acid sequence of a particular
peptide. “Secondary structure” refers to locally ordered, three dimensional structures within a

polypeptide. These structures are commonly known as domains, e.g., enzymatic domains,
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extracellular domains, transmembrane domains, pore domains, and cytoplasmic tail domains.
“Domains” are portions of a polypeptide that form a compact unit of the polypeptide and are
typically 15 to 350 amino acids long. Exemplary domains include domains with enzymatic activity
or ligand binding activity. Typical domains are made up of sections of lesser organization such as
stretches of beta-sheet and alpha-helices. “Tertiary structure” refers to the complete three-
dimensional structure of a polypeptide monomer. “Quaternary structure” refers to the three
dimensional structure formed by the noncovalent association of independent tertiary units. A
“motif” is a portion of a polypeptide sequence and includes at least two amino acids. A motif may
be 2 to 20, 2 to 15, or 2 to 10 amino acids in length. In some embodiments, a motif includes 3, 4,
5, 6, or 7 sequential amino acids. A domain may be comprised of a series of the same type of motif.
{0093] “Recombinant” when used with reference (e.g., to a cell, or nucleic acid, protein, or
vector) indicates that the cell, nucleic acid, protein, or vector, has been modified by the
introduction of a heterologous nucleic acid or protein or the alteration of a native nucleic acid or
protein, or that the cell is derived from a cell so modified. Thus, for example, recombinant cells
express genes that are not found within the native (non-recombinant) form of the cell or express
native genes that are otherwise abnormally expressed, under expressed, or not expressed at all.

[0094]  “Sequence identity” refers to the degree two polymer sequences (e.g., peptide,
polypeptide, nucleic acid, etc.) have the same sequential composition of monomer subunits. The
term “sequence similarity” refers to the degree with which two polymer sequences (e.g., peptide,
polypeptide, nucleic acid, etc.) have similar polymer sequences. For example, similar amino acids
are those that share the same biophysical characteristics and can be grouped into the families, e.g.,
acidic (e.g., aspartate, glutamate), basic (e.g., lysine, arginine, histidine), non-polar (e.g., alanine,
valine, leucine, isoleucine, proline, phenylalanine, methionine, tryptophan) and uncharged polar
(e.g., glycine, asparagine, glutamine, cysteine, serine, threonine, tyrosine). The “percent sequence
identity” (or “percent sequence similarity”) is calculated by: (1) comparing two optimally aligned
sequences over a window of comparison (e.g., the length of the longer sequence, the length of the
shorter sequence, a specified window), (2) determining the number of positions containing
identical (or similar) monomers (e.g., same amino acids occurs in both sequences, similar amino
acid occurs in both sequences) to yield the number of matched positions, (3) dividing the number
of matched positions by the total number of positions in the comparison window (e.g., the length

of the longer sequence, the length of the shorter sequence, a specified window), and (4) multiplying
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the result by 100 to yield the percent sequence identity or percent sequence similarity. For example,
if peptides A and B are both 20 amino acids in length and have identical amino acids at all but 1
position, then peptide A and peptide B have 95% sequence identity. If the amino acids at the non-
identical position shared the same biophysical characteristics (e.g., both were acidic), then peptide
A and peptide B would have 100% sequence similarity. As another example, if peptide C is 20
amino acids in length and peptide D is 15 amino acids in length, and 14 out of 15 amino acids in
peptide D are identical to those of a portion of peptide C, then peptides C and D have 70% sequence
identity, but peptide D has 93.3% sequence identity to an optimal comparison window of peptide
C. For the purpose of calculating “percent sequence identity” (or “percent sequence similarity”)
herein, any gaps in aligned sequences are treated as mismatches at that position.

[0095]  Additionally, as would be recognized by one of ordinary skill in the art based on the
present disclosure, nucleic acid sequence comparisons can be performed and/or defined in terms
of Watson-Crick complementarity with other sequences, in contrast to absolute sequence identity.
For example, a “Class” of sequences can be defined by a set of domain lengths and what the
domains are complementary to (or not complementary to).

{0096] “Variant” as used herein with respect to a polynucleotide means (i) a portion or fragment
of a referenced nucleotide sequence; (i1) the complement of a referenced nucleotide sequence or
portion thereof; (iii) a polynucleotide that is substantially identical to a referenced polynucleotide
or the complement thereof, or (iv) a polynucleotide that hybridizes under stringent conditions to
the referenced polynucleotide, complement thereof, or a sequence substantially identical thereto.
[8097] A “variant” can further be defined as a peptide or polypeptide that differs in amino acid
sequence by the insertion, deletion, or conservative substitution of amino acids, but retain at least
one biological activity. Representative examples of “biological activity” include the ability to be
bound by a specific antibody or polypeptide or to promote an immune response. Variant can mean
a substantially identical sequence. Variant can mean a functional fragment thereof. Variant can
also mean multiple copies of a polypeptide. The multiple copies can be in tandem or separated by
a linker. Variant can also mean a polypeptide with an amino acid sequence that is substantially
identical to a referenced polypeptide with an amino acid sequence that retains at least one
biological activity. A conservative substitution of an amino acid, i.e., replacing an amino acid with
a different amino acid of similar properties (e.g., hydrophilicity, degree and distribution of charged

regions) is recognized in the art as typically involving a minor change. These minor changes can
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be identified, in part, by considering the hydropathic index of amino acids. See Kyte et al., J. Mol.
Bioi. 1982, 157, 105-132. The hydropathic index of an amino acid is based on a consideration of
its hydrophobicity and charge. It is known in the art that amino acids of similar hydropathic indexes
can be substituted and still retain protein function. In one aspect, amino acids having hydropathic
indices of +2 are substituted. The hydrophobicity of amino acids can also be used to reveal
substitutions that would result in polypeptides retaining biological function. A consideration of the
hydrophilicity of amino acids in the context of a polypeptide permits calculation of the greatest
local average hydrophilicity of that polypeptide, a useful measure that has been reported to
correlate well with antigenicity and immunogenicity, as discussed in U.S. Patent No. 4,554,101,
which is fully incorporated herein by reference. Substitution of amino acids having similar
hydrophilicity values can result in polypeptides retaining biological activity, for example
immunogenicity, as is understood in the art. Substitutions can be performed with amino acids
having hydrophilicity values within £2 of each other. Both the hydrophobicity index and the
hydrophilicity value of amino acids are influenced by the particular side chain of that amino acid.
Consistent with that observation, amino acid substitutions that are compatible with biological
function are understood to depend on the relative similarity of the amino acids, and particularly
the side chains of those amino acids, as revealed by the hydrophobicity, hydrophilicity, charge,
size, and other properties.

[6098] A variant can be a polynucleotide sequence that is substantially identical over the full
length of the full gene sequence or a fragment thereof. The polynucleotide sequence can be 80%,
81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%. 95%, 96%, 97%,
98%, 99%, or 100% identical over the full length of the gene sequence or a fragment thereof. A
variant can be an amino acid sequence that is substantially identical over the full length of the
amino acid sequence or fragment thereof. The amino acid sequence can be 80%, 81%, 82%, 83%,
84%, 85%, 86%, 87%, 88%, 89%. 90%, 91%, 92%. 93%, 94%, 95%. 96%, 97%, 98%., 99%, or
100% identical over the full length of the amino acid sequence or a fragment thereof.

j0099]  As discussed herein, nucleic acid sequence comparisons can be performed and/or
defined in terms of Watson-Crick complementarity with other sequences, in contrast to absolute
sequence identity. For example, a “variant” of sequences can be defined by a set of domain lengths

and what the domains are complementary to (or not complementary to).
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{4108]  Unless otherwise defined herein, scientific and technical terms used in connection with
the present disclosure shall have the meanings that are commonly understood by those of
ordinary skill in the art. For example, any nomenclatures used in connection with, and techniques
of, cell and tissue culture, molecular biology, immunology, microbiology, genetics and protein and
nucleic acid chemistry and hybridization described herein are those that are well known and
commonly used in the art. The meaning and scope of the terms should be clear; in the event,
however of any latent ambiguity, definitions provided herein take precedent over any dictionary or
extrinsic definition. Further, unless otherwise required by context, singular terms shall include

pluralities and plural terms shall include the singular.
2. Oligonucleotide-based buffers and systems

{0101] Embodiments of the present disclosure demonstrate a DNA strand-displacement
reaction for buffering the concentration of oligonucleotides. High concentrations of reactants
continuously release and recapture a target strand, forming an equilibrium that resists perturbations
to the concentration of the target. Using this architecture, buffer compositions and systems can be
designed for arbitrary sequences with a wide range of setpoints, response times and capacities.
Several buffers can operate in parallel within the same solution, to independently regulate the
concentrations of multiple target strands, as described further below.

[6102] In some embodiments, oligonucleotide buffers can be incorporated into a wide variety
of existing reactions in which oligonucleotides play a key role, including but not limited to, self-
assembly, sensing, photochemistry, and molecular release. Oligonucleotide buffers can also
regulate molecules besides DNA when coupled to actions that interface with other species, such
as enzymes and small molecules, as described further below.

j0103] The ability to maintain the concentrations of molecular species is critical for building
large reaction networks that operate reliably for extended times. Biological reaction networks often
resist changes in concentration using mechanisms that are mathematically quite similar to buffers.
For example, competing processes of synthesis and degradation in gene networks regulate the
concentrations of most RNA and proteins. Similar competing reactions on faster time scales also
regulate the concentrations of actin and active membrane receptors. The ability to incorporate
molecular buffering for a variety of species into synthetic chemical systems can facilitate the

design of robust and scalable synthetic chemical reaction networks.
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{0104] Embodiments of the present disclosure provide a class of buffer compositions and
systems that regulate the concentrations of oligonucleotides (FIG. 1B), short synthetic sequences
of DNA, in an analogous manner to how acid-base buffers regulate pH. Each buffer regulates the
concentration of a specific DNA sequence, and multiple different buffers can operate in the same
solution, independently controlling the concentrations of their different target sequences. The
oligonucleotide buffer compositions and systems of the present disclosure include the use of DNA
strand-displacement (DSD) reactions, sequence-specific DNA hybridization processes with
tunable kinetics, which have previously been used to implement information processing reactions
including amplifiers, neural networks, and Boolean logic circuits. Embodiments of the present
disclosure demonstrate how DSD reactions can operate in regimes containing high reactant
concentrations and low reaction rate constants. Buffering the concentrations of oligonucleotides
could allow for the self-assembly of larger DNA structures or DNA-templated structures with
fewer defects by providing a constant supply of fresh monomers, stabilizing the nucleation of DNA
crystal structures, and could enable DNA circuits and sensors to operate for extended durations by
restoring depleted reactants.

{0105] Embodiments of the present disclosure also provide a DNA strand-displacement circuit
that releases a series of different Output strands of DNA, one after another. This circuit serves as
a simple scheduling program to trigger molecular events at discrete times. In accordance with these
embodiments, a four-stage circuit with 25 nM concentrations per stage was developed. The circuit
was demonstrated to run in an asynchronous or clocked configuration. For example, in the
asynchronous mode, the time delay between stages is non-uniform and slows down dramatically
between stages, while the clocked mode enforces more uniform temporal spacing between stages.
In some embodiments, the circuit can be modified to enable conditional logic, where different
branches of the release program can be activated depending on the presence of activating signal
strands in the solution.

j6106] Embodiments of the present disclosure include buffered compositions and systems for
modulating the concentration of a polynucleotide. In some embodiments, modulation includes
driving the concentration of a polynucleotide back toward a predetermined setpoint when exposed
to a transient disturbance, loading, or other increases or decreases in concentration. In accordance
with these embodiments, the compositions and systems can include a source complex comprising

a single-stranded target polynucleotide, or a part of a single-stranded target polynucleotide. The
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source complex can include a double-stranded polynucleotide comprising the single-stranded
target polynucleotide and a complementary single-stranded polynucleotide, wherein the
complementary single-stranded polynucleotide is at least partially complementary to both the
target polynucleotide and the initiator polynucleotide (FIG. 1B). In some embodiments, the target
polynucleotide comprises from about 10 to about 100 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 90 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 80 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 70 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 60 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 50 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 40 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 30 nucleotides. In some embodiments, the target
polynucleotide comprises from about 10 to about 20 nucleotides. In some embodiments, the target
polynucleotide comprises from about 20 to about 100 nucleotides. In some embodiments, the target
polynucleotide comprises from about 30 to about 90 nucleotides. In some embodiments, the target
polynucleotide comprises from about 40 to about 80 nucleotides. In some embodiments, the target
polynucleotide comprises from about 50 to about 70 nucleotides.

[0107] In some embodiments, the double-stranded polynucleotide comprising the single-
stranded target polynucleotide and a complementary single-stranded polynucleotide (e.g., the
source complex) is at a concentration ranging from about 100 nM to about 1 mM. In some
embodiments, the target polynucleotide is at a concentration ranging from 200 nM to about 1 mM.
In some embodiments, the target polynucleotide is at a concentration ranging from 400 nM to
about 1 mM. In some embodiments, the target polynucleotide is at a concentration ranging from
800 nM to about 1 mM. In some embodiments, the target polynucleotide is at a concentration
ranging from 1 uM to about 1 mM. In some embodiments, the target polynucleotide is at a
concentration ranging from 100 pM to about ImM. In some embodiments, the target
polynucleotide is at a concentration ranging from 200 uM to about 1 mM. In some embodiments,
the target polynucleotide is at a concentration ranging from 400 uM to about 1 mM. In some
embodiments, the target polynucleotide is at a concentration ranging from 600 uM to about 1 mM.
In some embodiments, the target polynucleotide is at a concentration ranging from 800 pM to

about ImM. In some embodiments, the target polynucleotide is at a concentration ranging from
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200 nM to about 800 uM. In some embodiments, the target polynucleotide is at a concentration
ranging from 400 nM to about 600 pM. In some embodiments, the target polynucleotide is at a
concentration ranging from 600 nM to about 400 uM. In some embodiments, the target
polynucleotide is at a concentration ranging from 800 nM to about 200 pM. In some embodiments,
the target polynucleotide is at a concentration ranging from 1 uM to about 100 pM.

{0108] In some embodiments, the target polynucleotide includes at least one toehold domain.
In some embodiments, the target polynucleotide includes include at least one toehold domain, and
as many as 10 toehold domains. In some embodiments, the target polynucleotide includes from
about 2 toehold domains to about 8 toehold domains. In some embodiments, the target
polynucleotide includes from about 3 toehold domains to about 6 toehold domains. In some
embodiments, the toehold domain includes from about O to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 2 to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 4 to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 5 to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 9 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 8 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 7 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 6 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 5 nucleotides.

{0109] Embodiments of the present disclosure include buffered compositions and systems for
modulating the concentration of a polynucleotide. In accordance with these embodiments, the
compositions and systems can include a single-stranded initiator polynucleotide capable of
associating with the source complex to displace the target polynucleotide from the source complex
(FIG. 1B). In some embodiments, the concentration of the target polynucleotide can be modulated
by altering the concentrations of at least one of the source complex or the initiator polynucleotide.
The source complex and/or the initiator polynucleotide can each contain a single-stranded target
polynucleotide, or part of a single-stranded target polynucleotide.

{0118] In some embodiments, the initiator polynucleotide is at a concentration ranging from
about 100 nM to about 1 mM. In some embodiments, the initiator polynucleotide is at a
concentration ranging from 200 nM to about ImM. In some embodiments, the initiator

polynucleotide is at a concentration ranging from 400 nM to about 1 mM. In some embodiments,

28



WO 2020/047435 PCT/US2019/049105

the initiator polynucleotide is at a concentration ranging from 800 nM to about 1 mM. In some
embodiments, the initiator polynucleotide is at a concentration ranging from 1 uM to about 1 mM.
In some embodiments, the initiator polynucleotide is at a concentration ranging from 100 uM to
about ImM. In some embodiments, the initiator polynucleotide is at a concentration ranging from
200 uM to about 1 mM. In some embodiments, the initiator polynucleotide is at a concentration
ranging from 400 uM to about 1 mM. In some embodiments, the initiator polynucleotide is at a
concentration ranging from 600 uM to about 1 mM. In some embodiments, the initiator
polynucleotide is at a concentration ranging from 800 uM to about 1 mM. In some embodiments,
the initiator polynucleotide is at a concentration ranging from 200 nM to about 800 uM. In some
embodiments, the initiator polynucleotide is at a concentration ranging from 400 nM to about 600
uM. In some embodiments, the initiator polynucleotide is at a concentration ranging from 600 nM
to about 400 uM. In some embodiments, the initiator polynucleotide is at a concentration ranging
from 800 nM to about 200 uM. In some embodiments, the initiator polynucleotide is at a
concentration ranging from 1 uM to about 100 uM.

{0111] In some embodiments, the initiator polynucleotide comprises from about 10 to about
100 nucleotides. In some embodiments, the initiator polynucleotide comprises from about 10 to
about 90 nucleotides. In some embodiments, the initiator polynucleotide comprises from about 10
to about 80 nucleotides. In some embodiments, the initiator polynucleotide comprises from about
10 to about 70 nucleotides. In some embodiments, the initiator polynucleotide comprises from
about 10 to about 60 nucleotides. In some embodiments, the initiator polynucleotide comprises
from about 10 to about 50 nucleotides. In some embodiments, the initiator polynucleotide
comprises from about 10 to about 40 nucleotides. In some embodiments, the initiator
polynucleotide comprises from about 10 to about 30 nucleotides. In some embodiments, the
initiator polynucleotide comprises from about 10 to about 20 nucleotides. In some embodiments,
the initiator polynucleotide comprises from about 20 to about 100 nucleotides. In some
embodiments, the initiator polynucleotide comprises from about 30 to about 90 nucleotides. In
some embodiments, the initiator polynucleotide comprises from about 40 to about 80 nucleotides.
In some embodiments, the initiator polynucleotide comprises from about 50 to about 70
nucleotides.

[6112] In some embodiments, the initiator polynucleotide includes at least one toehold domain.

In some embodiments, the initiator polynucleotide includes include at least one toehold domain,
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and as many as 10 toehold domains. In some embodiments, the initiator polynucleotide includes
from about 2 toehold domains to about 8 toehold domains. In some embodiments, the initiator
polynucleotide includes from about 3 toehold domains to about 6 toehold domains. In some
embodiments, the toehold domain includes from about O to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 2 to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 4 to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 5 to about 10 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 9 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 8 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 7 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 6 nucleotides. In some
embodiments, the toehold domain includes from about 1 to about 5 nucleotides.

{0113] In some embodiments, the compositions and systems of the present disclosure include
a sink complex, wherein the sink complex comprises a double-stranded polynucleotide comprising
the single-stranded initiator polynucleotide and a complementary single-stranded polynucleotide.
In accordance with these embodiments, the complementary single-stranded polynucleotide can be
at least partially complementary to both the target polynucleotide and the initiator polynucleotide.
In some embodiments, the double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide (e.g., the sink complex) is at
a concentration ranging from about 100 nM to about 1 mM.

[6114] In some embodiments, the concentration of the initiator polynucleotide, the
concentration of the double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide, and the concentration of the
double-stranded polynucleotide comprising the single-stranded target polynucleotide and a
complementary single-stranded polynucleotide are higher than the concentration of the single-
stranded target polynucleotide.

j0115]  In some embodiments, the compositions and systems of the present disclosure include
a reporter complex comprising a reporter molecule. In some embodiments, the reporter complex
also includes a double-stranded polynucleotide comprising a single-stranded reporter
polynucleotide and a complementary single-stranded quencher polynucleotide, wherein the

reporter polynucleotide is at least partially complementary to both the quencher polynucleotide
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and the target polynucleotide. Exemplary reporter molecules include, but are not limited to, a
bioluminescent agent, a chemiluminescent agent, a chromogenic agent, a fluorogenic agent, an
enzymatic agent and combinations or derivatives thereof.

[0116] In some embodiments, the reporter polynucleotide comprises from about 10 to about
100 nucleotides. In some embodiments, the reporter polynucleotide comprises from about 10 to
about 90 nucleotides. In some embodiments, the reporter polynucleotide comprises from about 10
to about 80 nucleotides. In some embodiments, the reporter polynucleotide comprises from about
10 to about 70 nucleotides. In some embodiments, the reporter polynucleotide comprises from
about 10 to about 60 nucleotides. In some embodiments, the reporter polynucleotide comprises
from about 10 to about 50 nucleotides. In some embodiments, the reporter polynucleotide
comprises from about 10 to about 40 nucleotides. In some embodiments, the reporter
polynucleotide comprises from about 10 to about 30 nucleotides. In some embodiments, the
reporter polynucleotide comprises from about 10 to about 20 nucleotides. In some embodiments,
the reporter polynucleotide comprises from about 20 to about 100 nucleotides. In some
embodiments, the reporter polynucleotide comprises from about 30 to about 90 nucleotides. In
some embodiments, the reporter polynucleotide comprises from about 40 to about 80 nucleotides.
In some embodiments, the reporter polynucleotide comprises from about 50 to about 70
nucleotides.

{6117] In some embodiments, the compositions and systems of the present disclosure include
a competitor complex. In some embodiments, the competitor complex also includes a double-
stranded polynucleotide comprising a first single-stranded competitor polynucleotide and a second
complementary single-stranded competitor polynucleotide, wherein the first competitor
polynucleotide is at least partially complementary to both the second competitor polynucleotide
and the target polynucleotide. In some embodiments, the competitor polynucleotide comprises
from about 10 to about 100 nucleotides. In some embodiments, the competitor polynucleotide
comprises from about 10 to about 90 nucleotides. In some embodiments, the competitor
polynucleotide comprises from about 10 to about 80 nucleotides. In some embodiments, the
competitor polynucleotide comprises from about 10 to about 70 nucleotides. In some
embodiments, the competitor polynucleotide comprises from about 10 to about 60 nucleotides. In
some embodiments, the competitor polynucleotide comprises from about 10 to about 50

nucleotides. In some embodiments, the competitor polynucleotide comprises from about 10 to
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about 40 nucleotides. In some embodiments, the competitor polynucleotide comprises from about
10 to about 30 nucleotides. In some embodiments, the competitor polynucleotide comprises from
about 10 to about 20 nucleotides. In some embodiments, the competitor polynucleotide comprises
from about 20 to about 100 nucleotides. In some embodiments, the competitor polynucleotide
comprises from about 30 to about 90 nucleotides. In some embodiments, the competitor
polynucleotide comprises from about 40 to about 80 nucleotides. In some embodiments, the
competitor polynucleotide comprises from about 50 to about 70 nucleotides.

j0118] The buffered oligonucleotide compositions and systems of the present disclosure
include various types of oligonucleotide components. In some embodiments, the target
polynucleotide and the initiator polynucleotide comprise at least one of a DNA molecule, an RNA
molecule, a modified nucleic acid, or a combination thereof. Modified nucleic acids include, but
are not limited to, phosphorothioate DNA, peptide nucleic acids (PNA), phosphoramidate DNA,
morpholinos, phosphonoacetate (PACE), 2’-O-methoxyethyl RNA, locked nucleic acids (LNA),
amide-linked nucleic acids, boranophosphate nucleic acids, and 2’-5’-phosphodiester nucleic
acids.

{0119] Embodiments of the present disclosure provide methods of modulating concentration of
a polynucleotide. In accordance with these embodiments, the methods include formulating a
composition that includes a source complex comprising a single-stranded target polynucleotide
and a single-stranded initiator polynucleotide capable of associating with the source complex to
displace the target polynucleotide from the source complex, and increasing or decreasing the
concentration of the initiator polynucleotide in the composition to modulate the concentration of
the target polynucleotide.

{0128] In some embodiments, the method further includes a sink complex, wherein the sink
complex includes a double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide. In some embodiments, the
complementary single-stranded polynucleotide is at least partially complementary to both the
target polynucleotide and the initiator polynucleotide.

{6121] In some embodiments of the method, the source complex includes a double-stranded
polynucleotide comprising the single-stranded target polynucleotide and a complementary single-

stranded polynucleotide. In some embodiments, the complementary single-stranded
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polynucleotide is at least partially complementary to both the target polynucleotide and the initiator
polynucleotide.

[6122] In some embodiments, the method further includes a reporter complex that includes a
reporter molecule. In some embodiments, the reporter complex includes a double-stranded
polynucleotide comprising a single-stranded reporter polynucleotide and a complementary single-
stranded quencher polynucleotide. In some embodiments, the reporter polynucleotide is at least
partially complementary to both the quencher polynucleotide and the target polynucleotide.
[8123] In some embodiments, the method further includes a competitor complex, wherein the
competitor complex comprises a double-stranded polynucleotide comprising a first single-
stranded competitor polynucleotide and a second complementary single-stranded competitor
polynucleotide. In some embodiments, the first competitor polynucleotide is at least partially
complementary to both the second competitor polynucleotide and the target polynucleotide.
{0124] In some embodiments, modulation of the target polynucleotide includes increasing the
concentration of the target polynucleotide. In some embodiments, the target polynucleotide
displaces a small molecule target bound to an aptamer by binding to at least a portion of the
aptamer.

[0125] Embodiments of the present disclosure also include systems for modulating
concentration of two or more polynucleotides. In accordance with these embodiments, the system
can include a first composition comprising a first source complex comprising a first single-
stranded target polynucleotide and a first single-stranded initiator polynucleotide capable of
associating with the first source complex to displace the first target polynucleotide from the first
source complex, and at least a second composition comprising a second source complex
comprising a second single-stranded target polynucleotide and a second single-stranded initiator
polynucleotide capable of associating with the second source complex to displace the second target
polynucleotide from the second source complex. In some embodiments, the concentrations of the
first and second target polynucleotides are modulated independently within the system by altering
the concentrations of at least one of the first and second source complexes or the first and second
initiator polynucleotides. In some embodiments, the system can include from 2 to 10 buffered
oligonucleotide compositions. In some embodiments, the system can include from 3 to 10 buffered
oligonucleotide compositions. In some embodiments, the system can include from 4 to 10 buffered

oligonucleotide compositions. In some embodiments, the system can include from 5 to 10 buffered
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oligonucleotide compositions. In some embodiments, the system can include from 6 to 10 buffered
oligonucleotide compositions. In some embodiments, the system can include from 7 to 10 buffered
oligonucleotide compositions. In some embodiments, the system can include from 8 to 10 buffered
oligonucleotide compositions. In some embodiments, the system can include from 3 to 9 buffered
oligonucleotide compositions. In some embodiments, the system can include from 4 to 8 buffered
oligonucleotide compositions. In some embodiments, the system can include from 5 to 7 buffered
oligonucleotide compositions.

[8126] In some embodiments, modulation of the target polynucleotide includes increasing the
concentration of the target polynucleotide. In some embodiments, the target polynucleotide alters
one or more conformation properties of a nucleic acid-based hydrogel. In some embodiments,
nucleic acids can be attached to various hydrogels and solid supports, beads, substrates, and the
like, to facilitate strand release. For example, nucleic acid strands can be conjugated to a variety
of solid supports including hydrogels, nanoparticles, and microparticles, as well as glass, metal,
and polymeric surfaces. Mediation of nucleic acid release through strand displacement (e.g.,
buffering systems) can be used to buffer nucleic acid strands between states in which the strands
are attached to a solid support, or are free from attachment to a solid support. In some
embodiments, switching between these two states could be used to determine bioavailability (e.g.,
controlling drug dosing), for driving chemical processes, and/or for diagnostic purposes.

{0127] In some embodiments, the oligonucleotide buffering systems and methods of the present
disclosure can incorporate various nucleic acid attachment technology to facilitate the generation
and modulation of libraries containing non-DNA molecules (e.g., chemical synthesis). For
example, and without limitation, nucleic acid attachment technology can include the use of
acrydite, adenylation, azide modifications, digoxigenin, cholesterol-TEG, I-Linker technology,
amino modifiers (e.g., Amino Modifiers C6, C12, C6 dT, Uni-Link, and the like from IDT
Technologies), 5’hexynyl modifications, S-octadinynl dU modifications, biotin (e.g., biotin azide,
biotin dT, biotin-TEG, dual biotin, PC biotin, and desthiobiotin-TEG), and thiol modifications
(e.g., thiol modifier C3 S-S, dithiol, and thiol modifier C6 S-S).

{0128]  As described further herein, the oligonucleotide buffering systems and methods of the
present disclosure can find use in many different contexts. For example, the oligonucleotide
buffering systems and methods of the present disclosure can be used for RNA strand displacement

in a therapeutic context, such as described in Hochrein, L. M., et al., J. Am. Chem. Soc. 2013, 135,
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17322—17330, and Rupaimoole, R. and Slack, F. J., Nature Reviews, Drug Discovery, 2017, 16,
203-221. In some embodiments, the buffering systems and methods of the present disclosure can
be applied to RNA strand displacement technologies, such as to control the release of a microRNA
and to modulate concentrations of single-stranded RNA molecules in a therapeutic context (e.g.,
mRNA suppressors such as anti-miRNAs).

{0129]  In some embodiments, the buffering systems and methods of the present disclosure can
include DNA circuits that direct the capture or release of molecules from an aptamer by binding
to the aptamer, thus changing the aptamer's binding affinity for its target. In some embodiments,
the buffering systems and methods of the present disclosure can be used in pH-dependent
processes (e.g., at low pH, the formation of a motif colocalizes a strand to a complex, initiating a
strand-displacement reaction that releases an interface strand of DNA). In some embodiments, the
buffering systems and methods of the present disclosure can include the use of electronic devices
to provide inputs to DNA circuits through electrodes that release or activate interface strands of
DNA. DNA strands can produce or regulate voltage or current by regulating the distance between
an electrode and an electrically active molecular tag. The close proximity of the electrode to the
tag can generate a Faradaic current. In some embodiments, the buffering systems and methods of
the present disclosure can be designed to operate at a particular set temperature, rather than to
respond to temperature as an input. In some embodiments, DNA hairpin structures can be designed
to serve as temperature-responsive thermometers by tuning the strength, and thereby the melting
temperature, of the stem domains that hold the hairpins closed. In some embodiments, the
buffering systems and methods of the present disclosure can include the use of light to direct the
release of a specific DNA sequence by controlling the degradation or conformational change of
reagents that initially block or sequester a DNA domain from participating in downstream
reactions. In some embodiments, the buffering systems and methods of the present disclosure can
be used to transduce a DNA hybridization event into a signal that alters the optical properties of
the solution is to use a fluorescent molecule conjugated to the end of a strand of DNA to emit
different intensities of light at a target wavelength, depending on the state of the conjugated DNA
strand. Emission from the fluorophore can be quenched by a nearby quencher molecule or
transferred by FRET (fluorescence resonance energy transfer) to a different fluorophore, which
effectively changes the wavelength of the fluorescence output signal. An interface strand of DNA

can change the distance between these different fluorophore and quencher modifications by
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opening a fluorophore-modified hairpin, or displacing a fluorophore-modified strand from a
complex. The kinetics of many of the devices described in this review are monitored by measuring

changes in fluorescence from fluorescently modified DNA complexes.
3. DNA Nanostructure Assembly

j0130] Embodiments of the present disclosure include a chemical regulatory mechanism that
can sustain growth in a batch crystallization process by resisting changes in chemical potential
during the growth process. To study the implementation of such a mechanism, DNA nanotubes
were used as a model crystallization system, though as would be recognized by one of ordinary
skill in the art based on the present disclosure, the systems and methods provided herein are
applicable to the formation, growth, and/or assembly of any DNA-based nanostructure (e.g.,
nanowires, nanoribbons, nanoarrays, nanopolyhedra, nanocubes, nanoboxes, irregular
nanostructures like nanobears and nanovases, and the like).

[8131] DNA nanotubes are composed of monomers, termed DNA tiles. Each tile is composed
of 5 strands of synthetic DNA that fold into a rigid double crossover structure that presents 4
single-strand domains termed sticky ends. Through hybridization of the sticky ends, DNA tiles can
self-assemble into lattices that cyclize into nanotubes roughly 10 nM in diameter that can grow to
tens of micrometers in length (FIG. 23A). A cylindrical DNA origami seed that mimics the growth
face of a DNA nanotube can be used to specifically nucleate nanotubes only from the seed,
enabling precise control over when and where growth occurs (FIG. 23B). Since DNA nanotubes
are one dimensional crystals, they have a particularly narrow tile concentration range in which
only seeded nanotube growth can be achieved (FIG. 23C) making them an ideal system for
studying the effects of monomer depletion on crystal growth in batch reactions.

j0132] Embodiments of the present disclosure also include a chemical reaction network, using
DNA strand displacement reactions that resists changes in the free tile concentration during DNA
nanotube growth. The reaction network functions similarly to a pH buffer by shifting its
equilibrium to produce more tiles as they are depleted to resist changes in the equilibrium tile
concentration. Results provided herein demonstrate that the tile concentration buffering reaction
expands the range of seed concentrations over which significant seeded nanotube growth can occur
in batch reactions. Further, tile concentration buffering greatly extends the active growth time and
is able to sustain growth through temporal changes in growth demand. Additionally, a quantitative

kinetic model of the coupled growth and buffering processes was developed, and the model was
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used to investigate routes to further improved performance. The results provided herein
demonstrate how chemical regulation can be implemented to sustain active crystallization over a
broader range of growth conditions in batch reactions. The sustained and robust growth
demonstrated can enable the self-assembly of more complex hierarchical and dynamic synthetic
structures like those seen in the cellular cytoskeleton, for example.

{0133] The results provided herein demonstrate a chemical feedback mechanism based on
reversible monomer production that resists changes in monomer concentrations during batch
crystallization of DNA nanotubes. The tile concentration buffering system is able to sustain batch
nanotube growth for extended periods of time, enable growth at high seed concentrations, and
adapt to temporal changes in growth demand. These properties facilitate the assembly of a variety
of complex DNA nanotube structures or networks with interesting dynamic behavior. For example,
hierarchical structures could be built via the sequential addition or activation of different branched
growth sites. Further, sustained growth should allow nanotubes to heal themselves after damage;
this could be important for applications in harsh environments such as serum. Such nanotube
structures could have applications as scaffolds for inorganic or biological materials, conduits for
molecular transport.

[0134] DNA tile sequences were used to design the reaction network even though the single-
stranded Sink strands were predicted to have significant secondary structure; despite this, the
systems provided herein were effective. Additionally, the buffering reactions for the two tile types
likely have different rates and thus the two tile types probably equilibrate to different equilibrium
concentrations in the reactions. Yet there was no need to tune the relative concentrations of the
two tile’s buffering components to achieve functionality. Differences in the concentrations of the
two tile types may not be particularly important for performance because the tile type with the
lowest concentration will ultimately control the nanotube growth process. Results provided herein
also demonstrate that the Source and Initiator complexes, when present at high concentrations,
negatively affected nanotube growth at a fixed tile concentration, yet nanotube growth with
buffering was effective. The buffering reactions may compensate for some of the negative
interactions between the active tiles and the buffering species.

[0135] The simplicity and robustness of the DNA strand displacement buffering systems and
methods of the present disclosure facilitate their adaptation to 2D and 3D DNA tile-based crystals.

Also, the oligonucleotide buffering systems and methods of the present disclosure can be readily
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adopted to other DNA-based crystallization processes as well, such as self-assembly of interacting
DNA origamis or nanoparticles/colloidals. Beyond nucleic acid structures, a monomer
concentration buffering scheme can be implemented for any batch crystallization process.
Although DNA strand displacement is described in various embodiments of the present disclosure
and 1s advantageous due to the simplicity of programming the desired reaction network, similar
reaction schemes can be readily implemented for self-assembling protein fibers or inorganic

molecules.
4. Examples

j0136] It will be readily apparent to those skilled in the art that other suitable modifications and
adaptations of the methods of the present disclosure described herein are readily applicable and
appreciable, and may be made using suitable equivalents without departing from the scope of the
present disclosure or the aspects and embodiments disclosed herein. Having now described the
present disclosure in detail, the same will be more clearly understood by reference to the
following examples, which are merely intended only to illustrate some aspects and embodiments
of the disclosure, and should not be viewed as limiting to the scope of the disclosure. The
disclosures of all journal references, U.S. patents, and publications referred to herein are hereby
incorporated by reference in their entireties.

{61371 The present disclosure has multiple aspects, illustrated by the following non-limiting

examples.

Example 1

{0138}  Materials and Methods.

[6139]  All DNA strands were obtained from Integrated DNA Technologies (IDT), using the
purification options listed below in Table 2. On arrival, all strands were suspended in Millipore
purified water at a concentration of about 1mM and stored at -20°C. Stock concentrations were
determined by measuring the absorbance of light at a wavelength of 260nm (OD260), together
with the extinction coefficient for each strand provided by IDT (EXT), using the Beer-Lambert
law: [ssDNAJ=0OD260/EXT.

{0140] Each of the double-stranded complexes (Source, Sink, Reporter, and Threshold) were
prepared separately at 100 uM in Tris-acetate-EDTA buffer with 12.5 mM Mg++ (1x TAE/Mg++).

Source and Sink complexes were prepared with a 1.2x excess of top strand (120 uM Signal X for
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the Source, and 120 uM Initiator for the Sink) to ensure all bottom strands were occupied by a top
strand. The Reporter complex was prepared with a 2x excess of top strand (200 uM Rgq), which
helped reverse biased the reporting reaction to report on higher concentrations of Signal X. They
were then annealed in an Eppendorf Mastercycler PCR, first heating the solutions to 90°C, holding
the temperature constant for 5 minutes, and then cooling at -0.1°C per every 6 seconds down to
20°C. Source and Sink complexes were purified by polyacrylamide gel electrophoresis (PAGE).
Reporter and Threshold were not gel purified.

{8141}  For gel purification, 15% polyacrylamide gels were cast by mixing 3.25mL of 19:1 40%
acrylamide/bis solution (Bio-Rad) with 1.3mL 10x TAE/Mg++ and 8.45mL Millipore-purified
H20, and initiated polymerization with 75uL 10% ammonium persulfate (APS, Sigma Aldrich)
and 7.5uL tetramethylethylenediamine (TEMED, Sigma Aldrich). About 200 puL of dsDNA
complex was mixed with 6x loading dye (New England Biolabs, product #B7021S) and loaded
into a Scie Plas TV100K cooled vertical electrophoresis chamber. Gels were run at 150V and 4°C
for 3 hours and then cut out the purified bands using UV-shadowing at 254nm> ™! The gel bands
were chopped into small pieces, mixed with 300uL. of 1x TAE/Mg++ buffer, and then left on a lab
bench overnight to allow the DNA to diffuse out of the gel into the buffer. The next day, the buffer
was transferred by pipet to a fresh tube, leaving behind as much of the gel as possible. These fresh
tubes were centrifuged for 5 minutes to draw any remaining gel pieces to the bottom of the tube,
and then transferred to yet another fresh tube, leaving behind ~50uL of gel/solution at the bottom.
The concentrations of these purified complexes were then measured with an Eppendorf
Biophotometer, using the approximate extinction coefficient EXT=EXTtop strand+EXTbottom strand-
3200NaT-2000NGc, where Nat and Ngc are the number of hybridized A-T and G-C pairs in each
complex, respectively.S™®* Purified complexes were stored at 4°C.

[0142] Reaction kinetics were measured on quantitative PCR (qPCR) machines (Agilent
Stratagene Mx3000 and Mx3005 series) at 25°C. Fluorescence was typically measured every 30
seconds for baseline measurements and for the first 1-2 hours after a reaction was triggered by
adding Initiator, to accurately capture the early kinetics of a reaction, and then every 5 minutes for
the remainder of the experiment to avoid photobleaching the fluorophore. Reactions were prepared
in 96-well plates using SOuL/well volume. Each well contained 1x TAE/Mg++ and 1 uM of 20-
mer PolyT strands to help displace reactant species from the pipet tips used to add them to the well.

In a typical experiment, Millipore-purified H20, TAE/Mg++ and PolyT2o strands were first mixed
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together. Reporter was then added, and a measurement of the baseline reporter fluorescence was
taken to determine what fluorescence corresponded to the state of the system with zero output
signal concentration added. Other DNA reactant species were then analyzed, in the amounts
specified for each experiment, and tracked the resulting kinetics.

{0143] DNA components. All oligonucleotides used in this study were synthesized by Integrated
DNA Technologies (IDT). The sequences of the tile concentration buffering components are in
provided herein. M13mp18 DNA (7,240 bases) was purchased from Bayou Biolabs (Cat# P-107).
The sequences of the adapter strands of the DNA origami seed are provided herein. The staple
strands and the labeling strands for the DNA origami seed have been previously described. To
minimize background for fluorescence imaging of the DNA nanotubes, Source complexes were
not fluorescently labeled and the SEd Initiator complex (Is) was designed to be in a quenched
fluorescence state. The reaction between the SEd Initiator complex and the SEd Source complex
results in the displacement of a quenching strand so that only active SEd tiles have a high
fluorescence signal.

{0144]  Preparation of tile concentration buffering components and DNA origami seeds. All
DNA complexes and structures were annealed in an Eppendorf Mastercycler in 40mM Tris-
Acetate, | mM EDTA buffer supplemented with 12.5 mM magnesium acetate (TAEM). REd and
SEd Source complexes were annealed separately with all of their strands present at 25 uM. REd
and SEd Initiator complexes were annealed separately with all their strands present at S0 pM.
Samples were initially held at 90°C for 5 min and then cooled to 20°C at -1°C/min. Annealed
complexes were stored at 4°C until use.

[0145] The DNA origami seed was prepared as previously described. The DNA origami seed
is composed of a scaffold strand (M13mp18 DNA), 72 staple sequences, and 24 adapter strands.
The fluorescence labeling scheme for the seed was as previously described, using a mixture of
labeling strands that bind to unfolded M13 DNA and provide a docking site for a fluorescently
labeled strand. For all experiments other than those using the S2 seeds, the fluorescently labeled
strand used for imaging was labeled with atto488. The S2 seeds were labeled with atto647. The
DNA origami seeds were annealed in TAEM buffer with 5 nM M13 DNA, 250 nM of each staple
strand, 100 nM of each adapter strand, 10 nM of each labeling strand, and 1000 nM of the
fluorescently labeled strand. Biotinylated-BSA 0.05 mg/mL (Cat# A8549, Sigma-Aldrich) was

also included to prevent seeds from sticking to the walls of the annealing tubes. Annealing was
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conducted as follows: samples were incubated at 90°C for 5 min, cooled from 90°C to 45°C at -
1°C/min, held at 45°C for 1 hour, and then cooled from 45°C to 20°C at -0.1°C/min. After
annealing, seeds were purified with a centrifugal filter (100 kDaA Amico Ultra-0.5 mL, Cat#
UFC510096) to remove excess staple, adapter, and labeling strands. For purification, 50 uL of the
annealed seed mixture and 250 pL of TAEM buffer was added to the filter and centrifuged at 2000
RCF for 4 min. The samples were washed three more times by adding 200 pL. of TAEM buffer in
the remain solution and repeating centrifugation, the last wash step was centrifuged at 3000 RCF.
The final sample was eluted by inverting the filter in a fresh tube and centrifuging briefly. Seeds
labeled with atto647 (FIG. 27) resulted in lower concentrations of purified seeds compared to seeds
labeled with atto488. To combat this 100 uL of the annealed seed mixture was used for purification
of seeds labeled with atto647. Purified seeds were stored at room temperature until used. Typically,
seeds were annealed the day before they were used. Concentrations of purified seeds were
determined as previously described.

{0146]  Nanotube growth experiments. For nanotube growth experiments with a fixed
concentration of tiles, the 5 tile strands for both the REd and SEd tiles were mixed at equimolar
concentrations in TAEM buftfer with 0.05 mg/mL of biotinylated-BSA and 1 uM of a thymine 20-
mer. Samples were held at 90°C for 5 min and then cooled to 20°C at -1°C/min. Purified seeds
were added to the samples during the annealing process when the samples reached 30°C. After
annealing the samples were incubated at 20°C and aliquots were periodically taken for
fluorescence imaging.

[8147]  For nanotube growth experiments with tile concentration buffering, purified seeds, pre-
annealed REd and SEd Source complexes (5.5 uM), REd and SEd Sink strands (1.25 uM, unless
otherwise stated) were mixed in TAEM buffer with 0.05 mg/mL of biotinylated-BSA and 1 uM
of a thymine 20-mer. Pre-annealed REd and SEd Initiator complexes (5.5 uM) were added last to
initiate the tile concentration buffering reactions. Samples were incubated at 20°C and aliquots
were periodically taken for fluorescence imaging.

[0148]  Fluorescence imaging and analysis. Fluorescence imaging was conducted on an
inverted microscope (Olympus IX71) using a 60x/1.45 NA oil immersion objective with 1.6x
magnification. Images were captured on a cooled CCD camera (iXon3, Andor). For each time
point taken for imaging, a small aliquot (1/30" of the total reaction volume) was taken and diluted

in TAEM with an additional 10 mM magnesium acetate for imaging (additional magnesium acetate
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facilitated nanotube binding to the glass coverslip). Samples with 0.1 nM seeds were typically
diluted 100x for imaging, samples with 0.33 nM seeds were diluted 300x, and samples with 1 nM
seeds were diluted 800x. After dilution, 5 pL of each sample was added to an 18 mm by 18 mm
glass coverslip (Cat# 48366 045, VWR) that was then inverted onto a glass slide (Cat# 16004-424,
VWR). Images were then captured at 5 to 6 randomly selected locations for each sample. Images
were processed and analyzed using custom MATLAB scripts.

[0149]  Image analysis. The fluorescence micrographs and nanotubes and/or seeds were
processed using custom MATLAB scripts for quantitative analysis. Five to six images were
typically processed and analyzed for a specific sample at a given timepoint. Below is the workflow
for the image analysis process.

[0150]  Deftecting objects. A fluorescence micrograph of DNA nanotubes and a corresponding
fluorescence micrograph of DNA origami seeds were imported simultaneously for analysis. Canny
edge detection was used to detect the edges of objects in both the DNA nanotube image and the
DNA origami seed image and produce binary images of the object edges. The detected objects
were then filled in with pixels using MATLAB’s bwmorph( ) function. No further processing was
done to the DNA origami seed image.

[0151] For the DNA nanotube image, morphological operations were applied with MATLAB’s
bwmorph( ) function to skeletonize all the detected objects to be 1 pixel in width. This processed
image was used for the quantification of the fraction of seeds with nanotubes (referred to as qgFSwN
herein; FIG. 43).

{81521  Quantification of fraction of seeds with nanotubes. To quantify the fraction of seeds
with nanotubes, the locations of the endpoints of each object in the gF SwN image were determined.
A radius (typically 2 to 4 pixels) around each of these endpoint locations was searched in the
processed DNA origami seed image and if a seed was found in the search radius this seed was
counted as having a nanotube attached to it (FIG. 43B). The fraction of seeds with nanotubes was
then calculated as the total number of seeds that had a nanotube attached to them over the total
number of seeds across all the images processed for a given sample at a specific timepoint. The
total seeds in each image were quantified by counting all the individual objects in the processed

DNA origami seed image. Error bars for the fraction of seeds with nanotubes represent the 95%

confidence intervals of proportions (CI = +1.96,/p(1 — p)/n).
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{0153]  Quantification of fraction of nanotubes with seeds. To quantify the fraction of nanotubes
with seeds, the objects in the qFSwN nanotube image that extended past the boundary of the image
were removed. Since both ends of nanotubes that extend past the image boundary cannot be
analyzed, it is difficult to determine accurately if these nanotubes have a seed attached to them;
therefore, these nanotubes were removed for this analysis. This processed nanotube image was
termed qFNwS. The locations of the endpoints of each object in the qFNwS image were
determined. A radius (typically 2 to 4 pixels) around each of these endpoint locations was searched
in the processed DNA origami seed image and if a seed was found in the search radius a nanotube
with a seed was counted (FIG. 43C). The fraction of nanotubes was then calculated as the total
number of nanotube endpoints that had a seed attached to them over the total number of nanotubes
across all the images processed for a given sample at a specific timepoint. Since some nanotubes
cross over in the images and result in branched objects with more than two endpoints in the

processed images, the total number of nanotubes in an image was calculated as:

#of endpoints>
2

[0154]  Where ceil(x) rounds to the lowest integer greater than or equal to x. So, an object with

(9) ceil (

two endpoints would be counted as a single nanotube, an object with three or four endpoints would
be counted as two nanotubes, an object with five or six endpoints would be counted as three
nanotubes, etc. Error bars for the fraction of seeds with nanotubes represent the 95% confidence
intervals of proportions.

{0155}  Quantification of nanotube length. To quantify the length of the nanotubes, the gFNwS
image was used since the length of nanotubes that extend beyond the boundary of the image cannot
be determined. Additionally, the branched structures in the gFNwS images were removed since
the length of nanotubes that cross over cannot be accurately determined. This processed image was
termed qNL herein (FIG. 43D). Since each nanotube in the qNL image is represented as a single
pixel width object, the length of each nanotube was calculated based on the number of pixels in
the nanotube. Based on the resolution and magnification of the camera, each pixel is 170 nm by

170 nm. Each pixel horizontally or vertically connected to another pixel was thus considered as

170 nm of length. Each pixel diagonally connected to another pixel was considered as v2*170 nm.
The mean length of the nanotubes for a specific sample at a given timepoint was calculated from

all the nanotube lengths obtained across all the images processed for that sample and timepoint.
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For samples with seeds only the nanotubes attached to seeds were considered in the length
calculation. Error bars for nanotube lengths represent 95% confidence intervals computed using
MATLAB’s bootstrapci( ) function.
[0156] The mean nanotube length for samples with nanotubes longer than 8 — 10 pm may not
be representative of the actual lengths of the nanotubes in the samples as it was observed that long
nanotubes were prone to breaking when attaching to the coverslip surface during imaging. Thus,
for the tile concentration buffering samples with 0.1 nM seeds (where nanotubes were ~10 pm
after 32 hours) the average lengths determined at the 48 and 72 hours timepoints are skewed
towards shorter lengths due to nanotubes breaking (FIG. 34).
{0157} Quantification of mean concentration of tiles incorporated into nanotubes. To quantify
the mean concentration of tiles incorporated into nanotubes, the total number of nanotube pixels
in a gFSwN image was determined and converted to concentration as follows:
(10) [tiles]in tubes
(2 = total pixels = tiles per pixel)

= * dilution factor

. ield of view area
volume on slide I / : * Avogadro’s #
coverslip area

[0158] It was assumed that nanotubes bind to the surface of the coverslip and the glass slide
equally so the total pixels determined from the image of the coverslip was doubled (2*total pixels
in Eq. 10). Since each pixel is 170 nm, each tile is 14.3 nm, and there are 6 tiles per each row of a
nanotube, each pixel was considered to have 72 tiles (files per pixel in Eq. 10). Each slide was
prepared with 5 pL of the sample (volume on slide). The field of view of each image was 87 pm?
and the coverslips used were 18 mm?. Since the samples were diluted before imaging, the final
concentration obtained was multiplied by the dilution factor used for imaging. Plugging all these

values into Eq. 10 yields:

(2 = total pixels * 72)

0.087 mm)2 «6.023 x 1023 molecules
18 mm mol

[tiles] in tubes = « dilution factor

5*10‘6L*(

j0159]  Error bars for the mean concentration of tiles incorporated into nanotubes represent the

standard deviation from image to image.
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{6168] To validate this quantification approach, the mean concentration of tiles in nanotubes
was also calculated based on the mean seeded nanotube lengths and the fraction of seeds with
nanotubes as in Eq. 11

(11) [tiles]in tubes

tiles ) seeds with nanotubes
* seed concentration
m

= mean length (um) * total seeds

j0161]  So for the 1 nM seeds sample with tile concentration buffering (FIG. 27):

1 tile tiles

00143 OTow * 1M * 066 = 1318 M

[tiles]in tubes = 4.76 um x

j0162] Table 1 shows the results of the analysis using Eq. 10 compared Eq. 11 across all the
samples analyzed in FIG. 27. The two methods produce similar results and the analysis in Eq. 10
was used throughout the present disclosure.

[8163] Table 1. Mean concentration of tiles incorporated into nanotubes for the samples
presented in FIG. 27. Quantification was conducted as described for Eq. 10 or Eq. 11 above.

Ranges for the Eq. 10 values represent standard deviation from image to image from the analysis.

Tile concentration buffering Eq. 10 analysis Eq. 11 analysis

0.1 nM seeds 4972+ 46.1 nM 307 nM

0.33 nM seeds 9889+ 197.1 nM 866 nM

1 nM seeds 1320 + 147.2 nM 1318 nM

150 nM tiles

0.1 nM seeds 79.1+ 143 nM 72 nM

0.33 nM seeds 713+ 17.9nM 67 nM

1 nM seeds 472+222nM 55nM
Example 2

[{8164]  Synthetic buffers for other molecules. The general mechanism underlying pH buffers is
not specific to acids and bases. A consequence of Le Chatelier’s Principle is that any reversible
reaction can serve as a buffer, given appropriate reaction rate constants and provided that all
reactants are at a high concentration relative to the regulated species (FIG. 8). This idea was used

to regulate the concentration of an arbitrary oligonucleotide in its single-stranded form.
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{8165] To design a bimolecular buffer that regulates a target species X, a source complex (S)
that is a precursor of X was used as a starting point. This source reacts reversibly with an initiator
molecule (I), releasing X in an active state, along with a conjugate sink molecule (N) that can
recapture X (Eqn 3 below). The species S, I, N & X act as analogs to HA, H20, A~ & H;0",
respectively, in an acid-base buffer (FIG. 1; Eqn. 1 below).

Kg
S+1=N+X
ky

[3]
[B166] At high reactant concentrations, this reaction creates a stable equilibrium that resists
disturbances to X (FIGS. 2A-2B). In this generalized form, the initiator is not necessarily H20;
therefore, it may be difficult to provide initiator at a concentration such that its depletion can be
ignored, as in Eqn. 2 (below). Thus, to describe the operation of this generalized molecular buffer,
a more general chemical equilibrium constant is used in place of the dissociation constant K,;:

[4]

_ ks _ WegINleg
€4 = kn [S]eq[l]eq.

j0167] A buffer of the form in Eqn. 3 has three important metrics that describe its performance:
the setpoint concentration, the relaxation time constant, and the buffering capacity. Disclosed
herein are equations that give order-of-magnitude estimates for how these values scale with the
reactant concentrations and rate constants (Appendix A).

[0168]  The setpoint [X],,; is the equilibrium concentration of X generated by the buffer when

[X]o = 0. For high concentrations of [S], [I]o, and [N],, and low equilibrium constants K., the

setpoint can be approximated as:

[Sloll]
[X]set = Keq ﬁog [5]

[6169] Eqn. 5 (above) indicates two separate types of parameters for specifying [X].;: the
equilibrium constant K., and the ratio of the reactant concentrations. Generally, changing K.,
requires redesigning the reactant molecules, rather than adjusting their initial concentrations. For
simplicity, [S]y = [I], is applied throughout this disclosure.

f6178] The relaxation time constant T determines how quickly X relaxes back towards its

setpoint after it is disturbed. The relaxation time constant can be approximated by Eqn. 6 (below),
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where the time it takes for a disturbance to relax to a defined percentage 0<a<1 of its initial

amplitude is given by Eqn. 7 (below).
1
kn[N]o [©]

trelaxa = —T" ln(a) [7]

j0171]  The buffering capacity 8 determines how much of an external perturbation the buffer

T =

can accommodate while maintaining a final equilibrium concentration [X],, close to the initial
setpoint concentration [X].¢. Specifically, f7 is the maximum concentration of X that can be
added to a buffer while keeping [X],, below a specified factor of [X],,, (a factor of 1.1 was used
here):

(Xlog < 11" Xser,  [8]
f6172] and ™ is the maximum concentration of X that can be removed from the buffer while
keeping [X].; above an arbitrary factor of [X],, (a factor of 0.9 is used here):

[Xleg = 0.9 [X]ser. [9]
{0173]  The resulting capacities are:

B*=c*-([Slo + [0 + [N]o) [10]

B~ =c" - ([S]o + [I]o + [N]o) [11]
[8174] where ¢T and ¢~ are coefficients determined by the relative ratios of S, I, and N (FIG.
2C). From Eqn’s 10-11 (above) it was found that providing the reactants at high concentrations

maximizes the capacity to recover from disturbances.

Example 3

{0175)  Designing buffers using DNA strand-displacement. Next, DNA strand-displacement
(DSD) reactions were used to implement a buffer for DNA oligonucleotides. In DSD reactions, an
input strand of DNA binds to a multi-stranded DNA complex, and in the process displaces one or
more output strands from the complex. Short single-stranded domains, called toeholds, initiate
these reactions and determine the forward and reverse rate constants.

{6176]  In the DSD implementation (FIG. 3A) of the buffer reaction described in Eqn 3 (above),
a target DNA strand was designating as X. Initially, X is bound within a source complex S, such
that its toeholds are covered in an inert double-stranded state, preventing downstream reactions.

An initiator strand I reversibly displaces X from S, and exposes the toeholds on X. In the process
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of displacing X, a new sink complex is created that consists of the initiator strand bound to the
bottom strand of the source.

{81771 Selecting toehold lengths. The forward and reverse reaction rate constants for the DSD
buffering reactions are determined by the toehold binding energy for the source and sink
complexes, which is correlated with their toehold lengths. Toehold lengths were selected that
would create a buffer that holds X at setpoint concentrations [X]s.; on the order of 10-100 nM,
with relaxation times on the order of 0.5 hours to relax to 10% of any disturbance (tyejax o = 0.5 hr
with a=0.1). To maximize the capacity of the buffer (Eqn’s 10-11 above), large concentrations of
S, T and N were selected, relative to [X]ge, up to 8 uM.

j0178] Eqn’s 6-7 (above) were used to find a target reverse rate constant ky. Desired relaxation
time was input into Eqn 7 to find a time constant of about 1=0.2 hr. Eqn 6 indicates that to achieve
this time constant with [N], = 8 uM, a sink rate constant on order ky ~ 2 10™*uM~1s71 can be
selected. Similarly, to find a forward rate constant that would result in a setpoint concentration of
the desired order with [S]y = [I]g = [N]y = 8 uM, Eqn 5 (above) was used to determine an
equilibrium constant of roughly K,, ~ 0.01. Inputting these target values for K, and ky into Eqn

4 (above), a source rate constant on order Kg ~ 2 - 10~°uM~1s~* was found.

[0179]  Toehold lengths whose average rate constants were closest to desired values were next
tested. These lengths turned out to be a zero nucleotide (nt) toehold to drive the forward reaction,
which can initiate through fraying at the end of a double stranded complex, and a 2nt toehold to
drive the reverse reaction. (FIG. 3).

[8180]  Measuring signal concentrations with a reversible reporting reaction. To monitor the
free concentration of X during buffering, a DNA strand displacement reporter with quencher and
fluorophore labels were used (FIG. 3B). X reacts reversibly with the reporter, so that when the
reaction between X and the reporter is at equilibrium, the magnitude of fluorescence intensity can
be used to determine [X] (FIG. 11). To measure accurately the kinetics of the buffering process, a
reporter needs to equilibrate significantly faster than the buffer, such that the reporter remains at
pseudo-steady-state as [X] changes. To ensure this condition is met, a reporter toehold length of

Snt was selected to characterize the buffer in FIG. 3A (see also FIG. 12).
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Example 4

{0181)  Control over setpoint concentration and relaxation time. To test the prediction (Eqn 6)
that the equilibration concentration of X is controlled by the initial concentrations of source (S),
initiator (I), and sink (N), these reactants were combined at different initial concentrations, keeping
[S]g = [1]o. How [X] converged to a stable final value, [X],,;, was measured for each set of initial
reactant concentrations (FIG. 4A). For the values of [S], [1]g, and [N], tested, [X]se; ranged from
7 nM to 83 nM, on the order of the 10-100 nM range of setpoint concentrations. As shown in FIG.
4B, the average equilibrium constant from all curves came to K., = 0.026 + 0.016, on the same
order as the designed value. Following the predictions, it was observed that buffers with higher
values of [S], = [I], produced higher [X],,; values, and higher values of [N], produced lower
[X]ser values (FIG. 4B), also consistent with the design.

[0182] The relaxation of the buffer was characterized by fitting the data (FIG. 4C) to

XI(O) = Klsee (1+2€77)  [12]

[X]O - [X] set
E——— 13
Klser ~ [13]

{0183] which is the curve predicted by a simple bimolecular mass action model of Eqn 3

&

(above). For the range of initial concentrations tested, T ranged from about 0.2 to 0.7 hours. Both
the simple bimolecular mass action model of the buffer and a more detailed model (FIG. 13) of
the buffering and reporting strand-displacement reactions predict that the rise time should be faster
as [N], increases, because [N], controls the recapture rate. Consistent with these predictions, it
was observed that rise times were faster for higher values of [N],. The simple bimolecular model
predicts that rise time should be independent of [S], = [I]o, however, the detailed model suggests
a slight increase in rise time with decreasing [S]y = [I]; when the reporting reaction is included
(FIG. 13). This suggests that the reporter imposes a small load on the system, causing a delay
before equilibrium is reached. In these experiments, small increases in rise time for decreasing
[S]lg = [1], were observed.

[0184]  As shown in FIG> 4C, the average sink reaction rate constant was ky ~ 1.7 107* +
4.2+107° uM~'s~'. This constant and the measured K,, = 0.026 + 0.016 gave an average
source reaction rate constant of ky ~ 4.0+ 107 + 7.5+ 1077 uM~1s~! These values are within

an order of magnitude of their designed values.
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Example 5

[0185]  Response to disturbances. Characterization of the relaxation of oligonucleotide buffers
as they are perturbed from equilibrium was investigated. The [S]y = [I]g = [N]; = 8 uM was
used, which was referred to as the uniform 8 pM buffer.

[8186]  Positive disturbances. First, how oligonucleotide buffers resist positive perturbations
(e.g., sudden increases in [X]) was characterized. The uniform 8 puM buffer was allowed to
equilibrate, and then a pulse disturbance of 50 nM of X every three hours was added, for a total of
ten pulses (FIG. SA). After each pulse was added, the concentration of X increased quickly,
reflecting the X that was added, and then relaxed back to a new equilibrium state close to [X] ..
Eqn 8 (above) was fit to each relaxation and found no significant variation in the time constant t
compared to the initial relaxation from [X], = 0 (FIG. 14). These experiments demonstrate that
over at least ten perturbations of this size, the dynamics of relaxation are largely independent of
the history of past perturbations. [X]., increased roughly linearly with the total amount of X added.
After 500 nM of X was added, [X].4 increased by 8 nM, which gives a slope of approximately
0.016 (FIG. 5B compared to FIG. 2B). This corresponds well with Eqn 10 (above), which predicts
that approximately 250 nM of X must be added to increase the equilibrium concentration by 10%.
{0187}  Negative disturbances. How the buffer responded to decreases in [X] caused by a
coupled reaction in which X was consumed was then characterized. A irreversible reaction in
which X binds to a competitor complex via a 7nt toehold initiated displacement reaction was used,
producing inert waste products (FIG. 3C). The 8 uM uniform buffer was allowed to reach steady
state for 3 hours, then 100 nM of competitor was added (FIG. 5C). As anticipated, the
concentration of X initially dropped, and then recovered to approximately 3 nM less than the initial
equilibrium concentration.

{0188] The observed magnitude of this negative disturbance was significantly smaller than the
concentration of competitor that was added. The models described herein (see also Appendix A)
indicate that this effect is due to a partial reaction known as toehold occlusion in which the toehold
on the competitor is transiently occupied by the initiator. This interaction reduces the fraction of
competitor that is free to react with X, in turn reducing their effective reaction rate. Toehold
occlusion is especially significant here due to the long 7nt toehold and because [1] > [X]se;, both

of which increase the residency time of toehold binding.
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{0189] Large mixed disturbances. How oligonucleotide buffers respond to very large
perturbations were also tested. A uniform 8 uM buffer was allowed to approach its steady state
for 3 hours and then it was perturbed first by adding 250 nM of X, then adding 250 nM of the
competitor (FIG. 5D). Two more 250 nM pulses of X were then added, followed by two more 250
nM pulses of competitor (FIG. 5D). The changes in [X],, in the buffered solution were far less in
each case than the amount of X that was added or consumed. After the first 250 nM perturbation,

[X].q increased from about 47 to about 49 nM, consistent with the change in [X],, that occurred

after adding five 50 nM pulses of X (FIG. 5B).

Example 6
{0190}  Buffering multiple species. Multiple different oligonucleotide sequences can be buffered
in the same reaction (see below). A buffering system was designed for a second target sequence,
X2, and how X and X» buffers acted separately vs. together in the same reaction was investigated.
{0191]  The 8 uM uniform buffer for X reached a stable setpoint of around 100nM, and after a
50 nM perturbation [Xz] returned to roughly the original setpoint concentration (FIG. 6A). The
corresponding 8 uM uniform buffer for X also reached a setpoint and responded to a 50 nM
disturbance with a similar response time (FIG. 6B). When the buffers were combined in the same
solution, the setpoints and responses to disturbance for both X and X» were similar to their
setpoints and responses in isolation (FIG. 6C), thus demonstrating functional independence. [X]

did not change when X: was added and vice versa.

Example 7

{01921  Fast buffering. The buffers in FIGS. 3-5 have relatively slow relaxation times. A slow
buffer can allow a system to maintain a memory of recent perturbations that is gradually erased as
the concentration of the buffered species returns to equilibrium. This ability to transiently store
information about perturbations and then erase it to receive new perturbations could be used to
process streams of chemical inputs. However, in many other cases, it is important to maintain a
constant concentration in the face of heavy loads. Faster time constants are desirable in such cases.
Therefore, whether buffers could be produced that responded more quickly to perturbations was
investigated.

[0193] A buffer for X with longer toeholds on the source and sink complexes (+1 and +2

nucleotides respectively) were created and were designed to increase kg and ky (FIG. 11). [X] was
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characterized over time using 8 M of each of the new faster source, initiator and sink species (the
fast 8 uM uniform buffer; FIG. 7), which produced a setpoint concentration of [X] of about 13
nM. When the system was perturbed by adding X, the concentration of X had returned close to its
setpoint by the time the sample was returned to the fluorescence reader after adding the
disturbances. This delay in measurement was no more than 10 minutes, and generally less,
suggesting that the fast buffer had a response time of at most 10 minutes, significantly faster than
the original buffer. As with the slower buffer, a slower response time of the fast buffer to the
addition of competitor was observed as compared to the addition of X, consistent with the effects

of toehold occlusion (FIG. 15).

Example 8
[8194]  Reporter Calibrations and Data Processing. Concentrations of X reported in FIGS. 3-4

were determined using a reporter complex that reacts reversibly with X, resulting in a change in
fluorescence. Rhe unreacted reporter has a quenched fluorophore, while the reacted form Rr has
an unquenched fluorophore. The change in fluorescence thus reflects the concentration of X.
j0195] To determine [X] from raw fluorescence values a set of empirical calibration curves
was measured. To create these curves, a time-dependent scaling factor o (¢) that relates the
measured fluorescence intensity was first measured, in counts per second (CPS), to the
concentration of unquenched reporter complex [Rr] in solution (see Rr in FIG. 3B) at a given time
during an experiment. Time dependence of this factor results from fluctuations in the light or
detector that affect all samples. To measure o« (t), 100nM of Reporter was mixed with different
concentrations of the Reporter’s full complement (see Reaction Order Table above). This full
complement (FC) reacts irreversibly with the Reporter, producing an unquenched product referred
to as Rr2. Thus, the concentration of Rr2 should be equal to the concentration of full complement
that was added (FIG. 10A). It was assumed that the fluorescence of Rr is equal to the fluorescence
if Rez.

[8196] For each trajectory, < was calculated as a function of time, which accounts for
fluctuations in lamp intensity.

[FullComplement]

(O = RawCPs®
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{0197  ARawCPS(t) is the difference between the fluorescence intensity at time 7 and the

fluorescence intensity before the Full Complement strand is added. The average o« (t) was taken
for five different full complement trajectories in an experiment. This factor was used to calculate
the concentration of Rr in all other experiments as follows:
[Rr](t) = ARawCPS(t) " (1)

j0198] Next, « (t) was calculated separately every time an experiment was run, to take into
account variations in lamp intensity that are specific to each experiment.
[0199]  Next, the time-independent relationship was determined between [Rr] and [X]. About
100nM of Reporter was mixed with different concentrations of X, which reacts reversibly with
Reporter to separate the Rr and Rq species. This data was then fit to a calibration curve, of the
form [X] = ¢; * ([Rg])¢2, where ¢; and c, are the fit parameters (FIG. 10B). Separate curves were
fit for each set of experiments run with different batches of reporter, to account for batch-to-batch
variation.
{62008]  With these transformations, [X] was then calculated in subsequent experiments as:

[X](t) = ¢; - (ARawCPS(t) "< (t))°2
[0201]  for the x (t), ¢, and ¢, determined for the given experiment.
{6202]  Selecting a Reporter Toehold Length. To use a reporting reaction to measure the kinetics
of buffering, it was necessary to ensure that the reporter equilibrates at least as fast as the buffering
reaction. Verification that a reporter was chosen whose reaction rate was fast enough to measure
the buffer by modeling both the buffer and reporter as simple bimolecular reaction using estimates
for bimolecular reaction rate constants as a function of toehold length. Eqn 1 (Appendix A) was

used for the buffer, and the equation below was used for the reporter:
kr
X+R = Rp+Rg
ky

{0203]  The kinetics of the buffering reaction was then compared to the kinetics of the reporting
reaction when coupled to the buffering reaction with the goal of seeing that the rates of the two
reactions were very close to one other. To further ensure that the reporting reaction would not
place a significant load on the reporting reaction, a check of the simulation predicted was made to
verify that the kinetics of the buffering reaction in the presence of the reporter would be similar to

the kinetics of the same reaction without the reporting reaction.
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{0204]  The results of the simulation are shown in FIG. 11. For an 8uM uniform buffer with a
Ont source toehold and a 2nt sink toehold, it was found that a reporter with a 5nt toehold was
sufficient to equilibrate on the same timescale as the buffer shown in FIG. 3A (see also FIG. 11A).
In contrast, a 2nt reporter toehold equilibrates much slower than the buffer (FIG. 11B). For the
faster buffer with a 2nt source and 4nt sink toehold, the Snt reporter complex did appear to
marginally slow the equilibration process somewhat, indicating that the fast buffer could be
equilibrating even faster than the reporter’s change in fluorescence would indicate (FIG. 11B). In
none of these idealized bimolecular models did the concentration of the reporter used in the
experiments place a significant load on the equilibrium state of the buffering reaction.

{0205]  The three-step model>®* of DNA strand-displacement (DSD) offers a means to
quantitatively estimate the kinetics of DSD reactions, to within an order of magnitude. It
approximates each strand-displacement event as a series of three steps (i) toehold binding, (i)
branch migration, and (iii) toehold dissociation (FIG. 12).

{0206]  Reaching different concentration set points by altering the concentration of Source,
Initiator and Sink. To better under the experiments in FIG. 4 where the buffering reactions were
characterized for different concentrations of either Source and Initiator or Sink, these same
reactions were simulated using the three-state model. These simulations matched the experimental
data in FIG. 4 to within an order of magnitude. The simulations predicted slightly lower steady-
state concentrations than were observed in experiments and slightly higher rise times for low

concentrations of Sink than were observed in experiments (FIG. 12).

Example 9

{0207  Relaxation Time Slows Down when Reporter is Included. Three-step model simulations
(following the same script as above) were used to examine the effect of the reporter on the buffer’s
relaxation time. By comparing simulations of the buffer’s equilibration with and without the
reporter present, the presence of the reporter may increase relaxation times (increase ), and create
a small dependence of the relaxation time constant T on the initial concentrations of Source and
Initiator (FIG. 13). These effects arise because it takes time for the buffer to generate or “charge
up” the reporter and its intermediate products in the three-step model. Higher concentrations of
Source and Initiator can generate X at a faster rate when the reporter is far from equilibrium, and

thus can charge the reporter faster.
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{0208]  Toehold Occlusion. DNA strand displacement (DSD) reactions can slow down
significantly due to toehold occlusion, the phenomenon in which one species temporarily binds to
a complementary toehold on another species but cannot then fully displace the adjacent recognition
domain. The rate at which toehold occlusion occurs increases with reactant concentration and
toehold length, so it is particularly noticeable when there are high reactant concentrations
involving long toeholds. In the DSD buffer design, the Initiator is present at high concentration
and shares a long complementary 7nt toehold with the Competitor complex (FIG. 15A) creating a
potential for significant toehold occlusion involving the Initiator and Competitor.
Initiator+Reporter and Initiator+Rr also have the potential for toehold occlusion, with a Snt
toehold. Initiator+Sink may also have some occlusion interactions, as both species are present at
high concentration, although they only share a short 2nt toehold. All other occlusion interactions
involve significantly lower reactant concentrations and/or smaller toeholds and may not be as
significant in determining the buffer system’s kinetics.

{6209} To estimate the degree to which toehold occlusion affects the magnitude and timing of
the negative disturbances, three Three-Step Model simulations were run of the 8uM uniform buffer
being disturbed by 100nM Competitor. In the first simulation, any occlusion effects were not
included (FIG. 15B). In the second simulation, the relatively minor occlusion effects were included
of the Initiator+Reporter and Initiator+Rr and Initiator+Sink (FIG. 15C). With these three
occlusion effects turned on, the setpoint concentration was shifted down, but the disturbance was
still able to deplete the concentration of X, after which the buffer restored the concentration of X
close to the setpoint concentration. The effect of these types of occlusion should be able to be
addressed by tuning the buffer with higher concentrations of source or initiator, or by increasing
the forward rate constant to counteract the reduced setpoint. In the third simulation, the same
toehold occlusions were included as in simulation 2, but also added the effect of the occlusion
between initiator and competitor (FIG. 15D). It was observed that the 100nM of competitor was
unable to fully deplete the concentration of X, similar to what was observed in experiments (FIG.
5A). It was also observed that the recovery to the setpoint concentration was significantly slower
than when this form of toehold occlusion was not present.

[0210]  Negatively disturbing the SuM uniform fast buffer. The 8uM uniform fast buffer to
negative disturbances was tested by adding pulses of competitor (FIG. 17). A gradual relaxation

back to equilibrium was observed. The slower speed of relaxation in response to the competitor
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than in response to X is consistent with the hypothesis that toehold occlusion prevents the
competitor from reacting instantaneously with X. Effectively, toehold occlusion creates a transient

load on the system until all of the competitor is consumed.

Example 10
[0211] Embodiments of the present disclosure include a method to release an ordered series of
output molecules in solution from a sequestered state. The mechanism of release consists of stages
of paired reactions that first release an output molecule quickly (Eqn 1 below), and then slowly
trigger the next reaction stage (Eqn 2 below). The large difference in the rate constants of these

reactions ensures that each current stage will be essentially complete before the next stage is

triggered.
t
Release Output: Trigger; + Payload;,, ik Output; (D
. !
Convert Trigger: Trigger; + Convert;;,, = Trigger; 1 (2)

{0212]  This system can either run asynchronously, or can be coupled with a central clocking

mechanism that slowly generates Trigger: to control the pace of execution (Eqn 3 below).
Clock control: ) ’mf Trigger; (3)

[6213] Embodiments of the present disclosure implement sequential release programs that can
release different sequences of DNA using DNA strand-displacement (DSD) reactions. DSD
reactions are designed interactions between short synthetic strands of DNA, in which an input
strand binds to a partially double-stranded complex and displaces an incumbent output strand into
solution. The reaction rate constants for DSD reactions are mediated by a short single-stranded
DNA “toehold” domain. By varying the length of the toehold domain from O to 7 nucleotides, the
rate constant can be tuned across six orders of magnitude at room temperature. Cascades of DSD
reactions, in which the output of one reaction can serve as a reactant to a downstream process, can
be used to implement a growing library of signal processing circuits, including amplifiers, Boolean
logic gates, a neural network, an oscillator, a timer, and a feedback controller. Further, DSD
circuits can control molecules other than DNA by designing their output to be aptamers, or
sequences that can bind to proteins and small molecules.

{0214]  Sequential release cascade. To implement the reactions outlined in Eqn’s 1-2 (above),
a set of target Output strands of DNA was specified that were to be release in series. Each Output

is initially sequestered in an inert state within a complex called the Payload. A set of Trigger
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strands is then designed to release the Outputs from the Payloads, following Eqn 1 (above). A 7nt
toehold was selected for the Trigger complex, which has the fastest rate constant (~4uM~1s™1)
available to DSD reactions at room temperature. Next, a set of Convert reactions was designed to
translate each Triggeri molecule into the next Triggeri+1 molecule in the series, following Eqn 2
(above), mediated by a slower 4bp toehold (~2-1072uM~1s™1). To track the Outputs, a
fluorescent modifier was appended to each of the Outputs, and a quencher to the bottom strands
of the Payloads (FIG. 19A). This design uses the “leakless” DNA strand-displacement
architecture to suppress unintended leak reactions directly between the Convert and Trigger
complexes. This architecture imposes some sequence overlap between the Outputs from each
stage; however, the sequence overlap can be eliminated with an additional translator reaction
inserted after each stage.

{0215]  To test whether the sequential release cascade releases Outputs in the sequential order,
a four-stage cascade was prepared by mixing 25 nM of each Payload complex, together with 37.5 -
(4 — i)nM of the Convertii+1 complexes for i=1, 2 or 3 to translate each Triggeri to Triggeri+1.
Earlier stages require high concentrations of their convert complex to drive all of the remaining
downstream stages. About 112.5 nM of the Trigger: strand was added to this mix to trigger the
reaction cascade, and the resulting kinetics were tracked by measuring changes in fluorescence
over time. The fluorescent Outputs were released in the designed order (FIG. 19B). The release
rate decreased at every stage, as additional convert steps (of the form in Eqn 2 above) are required
to translate Trigger1 from the 1% stage into Triggeri on increasing i stages.

[0216]  Clocking. To make the timing of the release events more uniform, an upstream clocking
reaction was added that continuously produces Trigger: at a constant rate, replacing the large initial
concentration of Trigger1. In this manner, the clocking production reaction can be made into the
rate-limiting step and thus control the pace of the reaction. The production reaction is performed
by initially sequestering Trigger1 within a high concentration Source complex. An Initiator strand
reacts with the Source to displace Trigger: into solution (FIG. 20A), where it can then react with
the sequential release cascade. By designing the reaction between Source and Initiator to have a
very small rate constant, very little Source and Initiator is consumed on timescales of several days,
and thus can approximate their concentrations as constant. This allows the net production rate to

be treated as roughly a constant kprod for the duration of the experiment (Eqn 1 above).
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{0217] To verify that the clock circuit can sustain approximately linear release rates of the
Trigger1 molecule, Source and Initiator were mixed together at 1uM in the presence of 300nM
Payloadi. By tracking increase in fluorescence, the rate at which Trigger: was released could be
indirectly inferred (FIG. 20B).

[0218] Next, the clock reaction was coupled with the sequential release cascade to release the
Outputs at regular intervals. About 1 pM Source and Initiator with 25 nM of each Payload
complex, together with 37.5 - (4 — i)nM of each Convertii+1 complex. The same order of Output
release events was observed, but now with a slower and more regular interval between the stages
(FIG. 20C).

{0219}  Branched Pathways & Conditional Statements. The circuits described above execute a
linear release program with no branching, which is analogous to a computer program that does not
have any conditional “if” statements. Every time they are run, they release the same molecules in
the same hard-coded order. Including the capacity for conditional statements would allow for
release programs to make decisions based on external factors sensed in solution, such as the
presence of other signal strands of DNA. Therefore, the design of the Convert complexes was
updated to create a conditional Convert complex, iConvert, which is initially inactive and can be
conditionally activated through a reaction with a Deprotect strand (Eqn 4 below).

. . Ka tect
Branching: Deprotect; ; + iConvert; == onvert; 4)

{0220] The toeholds on iConvert complexes are covered to prevent reactions with the trigger
signals (FIG. 21A). A Deprotect strand is designed to expose the toehold on the inactive Convert
complex, allowing it to react with the trigger. For simplicity, the deprotection reaction was
approximated as irreversible, because the product activated convert complex is irreversibly
consumed by Eqn 2 (above). This serves as a conditional statement of the form:

if(Deprotectj is present){ convert(Trigger; to Trigger;); }
{0221} Multiple inactive Convert complexes can be combined in the same solution to create
conditional statements with more than one branching cases.
{0222] This conditional circuit was tested by preparing a two-stage sequential release circuit
with a single Payload for the first stage and two different Payloads for the second stage. These
species were referred as Payload:, Payload2a and Payload:s. Two inactive Convert complexes
iConverti2a and iConverti 2 form separate branches to release the Outputs from their respective

Payloads. The inactive Convert complexes can be activated by their Deprotect strands. Two
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batches of the clock circuit were mixed together (1uM of Source and Initiator), 37.5 nM of
iConverti2a and iConverti2s, and 25 nM of Payloadza and Payload:s. To one batch, 50 nM of
Deprotecti2a (FIG. 20B) was added, and to the other batch 50 nM of Deprotecti 28 (FIG. 20C) was
added. In both cases, the Output for the activated branch was released, while the Output for the

inactive branch was not significantly released.

Example 11

j0223]  As shown in FIG. 22, embodiments of the present disclosure include the use of the
oligonucleotide buffer compositions and systems disclosed herein with various drug delivery
systems. In accordance with these embodiments, the oligonucleotide buffer compositions and
systems disclosed herein can be incorporated into a drug deliver matrix for the controlled release
of a constant concentration of a drug. In some embodiments, the drug delivery matrix can include
hydrogel-based compositions. Hydrogels are materials composed of crosslinked hydrophilic
polymer chains in water. By incorporating oligonucleotides into a hydrogel as crosslinks, the
material properties of the hydrogel can be manipulated dynamically by then adding various
oligonucleotides that alter crosslink conformation, break up the hydrogel structure, or help create
new crosslinks. Crosslinks within hydrogel matrices can be reversibly dissociated by adding a
strand complementary to one of the crosslink strands, such as a target polynucleotide described
herein. Hydrogel with DNA crosslinks can also be stiffened or softened by adding oligonucleotides
that alter the conformation of crosslinks between a double-stranded state or a partially single-
stranded conformation via DNA strand-displacement reactions, as described herein.

{0224] In accordance with these embodiments, oligonucleotide buffer compositions and
systems can include aptamer sequences of DNA that non-covalently bind specifically to small
molecules such as, but not limited to, ATP, cocaine, therapeutic drugs and other small molecules,
metal ions, proteins and peptides. Aptamers or aptamer complexes that contain aptamer sequence
motifs can induce a change in the conformation of another oligonucleotide strand or complex upon
binding of the target small molecule (e.g., within a hydrogel drug delivery matrix). In many cases,
this conformational change can release a strand of DNA in the presence of the target molecule,
which can then serve as a DNA circuit input. Aptamers or aptamer complexes that contain aptamer
sequence motifs can also enable multi-stranded DNA complexes to participate in downstream
strand-displacement reactions by exposing a toehold domain on the complex or removing clamp

domains that inhibit invading strands from binding to the complex.
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{6225]  Output strands released by DNA circuits can also direct the capture or release of
molecules from an aptamer by binding to the aptamer and changing its state. Bahdra and Ellington
modified the fluorescent RNA Spinach aptamer to fold into an inactive state in which it could not
associate with its target molecule (DFHBI fluorophore). Hybridization with a trigger strand of
DNA refolds the aptamer into an active state in which it successfully binds its target (#37). Lloyd
et al started with aptamers bound to their targets, and used complementary strands of DNA, called
kleptomers, to bind to and displace aptamers from their targets. This technique was demonstrated
with both a Broccoli aptamer, which binds to DFHBI, and an aptamer for RNA polymerase, which
in binding prevents the RNA polymerase from transcribing (Fig. 3b, #38). Aptamers have also
been integrated into reconfigurable DNA nanostructures, for instance they have been used as
binding sites for target molecules at the end of DNA nanotweezers (#39). When a trigger strand of
DNA opens the tweezers, the two aptamer binding sites at the ends of the tweezer separate.
Because binding of the target protein requires interaction with both binding sites, this
conformational change releasing the protein target. The tweezer nanostructure thus allows a strand
of DNA that is not itself an aptamer binding sequence or its complement to direct the release of a
target molecule.

j0226] In some embodiments, hydrogels crosslinked with oligonucleotides can exhibit bulk
elastic moduli ranging from tens of Pascals (Pa) to about ten kPa, and can exhibit swelling upon
softening, with volumetric swelling ratios up to about 25% between the stiff and soft states. In
some embodiments, photolithographic patterning can be used to form multi-domain
oligonucleotide-crosslinked hydrogels where each domain can be swollen independently by the
addition of different hairpin fuel strands of DNA to the surrounding medium. The differential
swelling of domains within a hydrogel can cause bending or curling, which can be translated into
mechanical actuation.

Table 2: Sequences.

Strand Sequences IDT SEQ ID
Purification NO:
Signal (X) CATAACA CATCT CA CAATC CATCT |PAGE 1
CA CCACCCA
Source PAGE
Bottom GATG GATTG TG AGA TG TGTTA TG 2
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Initiator CA TAACA CA TCT CA CAATC CA PAGE 3
Reporter Top | CAATC CA TCT CA CCACC CA TCT HPLC 4
(Ro) CA/31ABKFQ/
Reporter /56-FAM/TG AGA TG GGTGG TG AGA TG |HPLC 5
Bottom (Ryr) | GATTG TG AGA
Reporter Full | TCT CA CAATC CA TCT CA CCACC CA | Standard 6
Complement | TCT CA desalting
Competitor Standard
Top CA CAATC CATCT CA CCACCCACT | jecatein 7
Competitor | AG TG GGTGG TG AGA TG GATTG TG Standard 9
Bottom AGA TG desalting
. CAATCTACATCT CAACACTCATCT PAGE
S 1, (X 9
ignal: X2) | 4t ree ToA

S i e o i . PAGE
Botton GAT GAG TGT TGA GAT GTA GAT TG 10
Initiator; CAATCT ACATCT CAACACTCA PAGE 11
Reporter; | CA ACACT CA TCT CA TTCCT CATCT | HPLC 12
Top CA/3TIABKFQ/
Reporter: /SHEX/TG AGA TG AGGAA TG AGA TG HPLC 13
Bottom AGTGT TG AGA TG
Reporter:Full | CA TCT CA ACACT CA TCT CA TTCCT Standard 14
Complement |CA TCT CA desalting
Initiator . .

C CA TAACA CATCT CA CAATC PAGE 15
(Fast)
Source A TG GA AGA PAGE 16
Bottom (Fast) GA TG GATTG TG AGA TG TGTTA TG GT

f6227]  Sequences for each strand used in the present disclosure are listed in Table 2 (above).
Secondary structures were verified for each complex using NuPack®™®2 The domain level
structure of the fast buffer (with toeholds extended from Ont to Int for the Source, and 2nt to 4nt
for the Sink) is illustrated in FIG. 9.
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Example 12

[0228]  Seeded DNA nanotube design and growth at different seed and tile concentrations.
There are three growth regimes for DNA nanotubes that are dictated by the initial concentration
of free tiles. At high initial tile concentrations (>200 nM), seeds are not required for nanotube
growth and DNA tiles can spontaneous nucleate to form nanotubes that grow and/or join together
end-to-end in an uncontrolled fashion (FIG. 23C, ). At lower initial tile concentrations (100 —
200 nM), seeds are required for significant nanotube growth to occur and DNA nanotubes nucleate
and grow specifically from seeds (FIG. 23C, /). At even lower initial tile concentrations (<100
nM) the tile concentration is below the critical concentration for growth (FIG. 23C, //1.). In a batch
growth process, nanotube growth consumes free tiles and eventually the free tile concentration
approaches the critical tile concentration, halting growth.

{0229] To grow nanotubes in the seeded growth tile concentration regime, relatively low seed
concentrations are typically used (10 — 100 pM) to ensure significant nanotube growth. Increasing
the seed concentration results in considerably less growth as the same total amount of tiles will be
distributed across more seeds. For example, significant nanotube growth can be achieved with a
fixed 150 nM tiles (a tile concentration in the seeded growth regime) when 100 pM of seeds are
used. However, increasing the seed concentration resulted in significantly less nanotube growth
(FIG. 24A, left). Both the mean nanotube length (FIG. 24B, left) and the fraction of seeds
nucleating nanotubes (FIG. 24C, left) decreased with increasing seed concentrations. Further,
active nanotube growth slows down and stops after 8 to 24 hours (FIG. 24C, left). Since these
effects are due to tile depletion during nanotube growth, one route to enhance the growth at higher
seed concentrations is to increase the free tile concentration. Growth with 1000 nM of tiles resulted
long nanotubes (FIGS. 24A-24B, right) and high fractions of seeds nucleating nanotubes (FIG.
24C, left) at all the seed concentrations tested. But 1000 nM tiles pushes the system into an
unseeded growth regime and nanotubes spontaneously nucleated without seeds (FIG. 24A, right)
and even with seeds present a large fraction of nanotubes nucleated on their own (FIG. 24C, right).
Spontaneous nucleation at high tile concentrations prevents control over when and where
nanotubes are grown and also produces much wider distributions in nanotube lengths compared to
purely seeded nanotube growth due to nanotubes joining end-to-end during the growth process
(FIG. 24D). Additionally, seeds are not required for nanotube growth (FIG. 24A, right) and the

same number of nanotubes, mean nanotube length, and length distributions are observed both with
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and without seeds. These results indicate that seeds do not direct the growth process in this regime
and suggest that many seeded nanotubes are likely the product of seeds binding to nanotubes that
nucleated and grew spontaneously. Additionally, spontaneous nucleation at high tile
concentrations also results in rapid tile depletion across all of the seed concentrations so active
nanotube growth still ceased after 8 hours (FIG. 24B, right).

{0230] The results in FIG. 24 demonstrate the limited range over which controlled seeded
nanotube growth can occur. In the seeded growth regime, there is limited chemical potential for
growth since the tile concentration is only slightly above the critical concentration and in the
unseeded growth regime, there is an initially high chemical potential for growth, but spontaneous
nucleation quickly depletes it. An ideal system for nanotube growth would possess a high chemical
potential but control how this potential is used during growth. This could be achieved by
maintaining the free tile concentration in the seeded growth regime allowing nanotube growth to
be sustained for longer time periods and over a broader range of seed concentrations (FIG. 23D,
top). Such a system would require a feedback control mechanism that could adjust the free tile
concentration to maintain a specific tile concentration setpoint during the growth process (FIG.

23D, bottom).

Example 13
{0231] A ftile concentration buffering scheme to sustain DNA nanotube growth. To understand
the seeded nanotube growth process and investigate how growth proceeds without tile depletion,
a stochastic kinetic model of seeded nanotube growth was built. The model is based on tiles
reversibly binding to either a nanotube or seed growth face. The presence of a nucleation barrier
for the seed results in two tile off rates, one for tiles bound to nanotubes and another for tiles bound
to seeds (FIG. 25A). The on rate for tile binding has been determined to be between 10° — 10® M-
!5l and the tile off rates are related to the free energy of tile binding (AG;i) through Eq. 1, where i
refers to either the tile-seed or tile-nanotube interaction, R refers to the gas constant, and T refers

to the absolute temperature.

AG;

(D korr; = kon €xp <_ﬁ>

{0232]  Using the 150 nM tile growth results in FIG. 24, the AG of tile binding to nanotubes was
calculated and seeds in the kinetic model were used to recapitulate the experimental results (FIG.

25B). These values were then used to simulate seeded nanotube growth without any tile depletion.
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Without tile depletion, nanotube growth is predicted to proceed indefinitely at the same rate
irrespective of seed concentration. Further, the fraction of seeds that nucleate nanotubes is
predicted to reach the same maximum for all the seed concentrations (FIG. 25C). This fraction is
less than 1 because a fraction of the seeds will have defects that render them inactive. The kinetic
model considers 25% of the seeds to be inactive, consistent with other experimental results. In
contrast, growth with tile depletion resulted in a decreasing fraction of seeds nucleating nanotubes
with increasing seed concentrations (FIG. 25B), consistent with the experimental results (FIG. 24).
These simulation results indicate that mitigating tile depletion should sustain DNA nanotube
growth over a broad range of seed concentrations.

{0233] Toimplement a chemical feedback control mechanism that could mitigate tile depletion
during nanotube growth, a reversible tile production reaction was designed via DNA strand
displacement. The reaction network is composed of inert Source tiles (Sr or Ss) that react with
Initiator complexes (Ir or Is) via a toehold-mediated strand displacement reaction to create active
tiles (Tr or Ts). A Sink strand (Nr or Ns) that reacts with the active tiles reverses the tile production

reaction (FIG. 26A and eq. 2).
ki |
(2) Si+1; =g, T+ N
{0234]  Since the tile production reaction is reversible, the system can be set to equilibrate to a

specific active tile concentration by tuning the forward and reverse reaction rate constants and the

concentrations of the Source, Initiator, and Sink species (eq. 3).

_ @ [Si]eq [Ii]eq _ [Si]eq [Ii]eq

“ kr,i [Ni]eq - Teat [Ni]eq

(3) [T

{0235]  The reaction rate constants (kr and kr) can be set (within an order of magnitude) by the
length of the single-stranded toehold domains that facilitate the strand displacement processes (TH
in FIG. 26A). The forward reaction was designed to initiate via a 2-base toehold (corresponding
to a theoretical kr of roughly 1x10> M!s!) and the reverse reaction to initiate via a 4-base toehold
(corresponding to a theoretical kr of roughly 1x10* M's™!). These rate constants should produce a
Keq of roughly 0.01 which allows for relatively high concentrations of Source, Initiator, and Sink
(>1 uM) to be used to set the active tile concentration around 100 nM where seeded growth occurs
(eq. 3). These reaction rate constants should also be larger enough to allow for fast equilibration

and response.
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{0236] The reaction network is designed so that only active tiles can attach to a seed face or the
face of a growing DNA nanotube. Thus, tile incorporation into a nanotube sequesters the toehold
on the tile that facilitates the reverse reaction (FIG. 26B), effectively removing the active tile from
the reaction network. Since the tile production reaction is reversible, by Le Chatelier’s principle,
as tiles are incorporated into nanotubes the reaction network will produce more active tiles to resist
a change in the equilibrium tile concentration (FIG. 26C). This system resembles a pH buffer
which shifts the equilibrium of a weak acid and its conjugate base to resist changes in pH. A similar
DNA strand displacement buffering scheme has been successfully developed to buffer the
concentration of specific DNA strands. Thus, this process was termed tile concentration buffering.
Tile concentration buffering works by maintaining a high chemical potential in inert chemical
species that are only converted into active species as they are needed for growth.

[8237]  To determine whether tile concentration buffering could sustain DNA nanotube growth
over a broad range of seed concentrations, stochastic nanotube growth simulations were conducted
using concentrations of the Source, Initiator, and Sink species that would result in an initial active
tile concentration of roughly 150 nM. From the simulations, the active tile concentration is
predicted to decrease at a much slower rate with buftering (FIG. 26D, top plot) compared to growth
with tile depletion (FIG. 25B, top plot), especially at the lower seed concentrations. Significant
growth is predicted for all the seed concentrations with mean seeded nanotube lengths 4-6 times
(FIG. 26D, middle plot) those predicted during growth with tile depletion (FIG. 25B, middle plot).
Further, buffering is predicted to produce the same maximum fraction of seeds that nucleate
nanotubes across all seed concentrations (FIG. 26D, bottom plot) as growth without tile depletion
(FIG. 25C, bottom plot). These simulations suggest that tile concentration buffering should sustain

nanotube growth over a broad range of seed concentrations and for longer periods of time.

Example 14
[0238]  Tile buffering enables growth at high seed concentrations and extends active growth
time. To test whether tile buffering could enhance seeded nanotube growth, the concentration of
the Source and Initiator complexes were fixed at a high concentration (5.5 pM each) and varied
the concentration of the Sink strands to set the active tile concentrations to a range of different
equilibrium values (between roughly 150 — 225 nM based on the theoretical Keq value for the tile
buffering reactions. Nanotube growth was then assessed with tile concentration buffering over a

range of seed concentrations as well as without seeds present. It was found that a Sink
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concentration of 1.25 uM produced the best growth results, exhibiting significant nanotube growth
over all the seed concentrations tested and hardly any growth without seeds present. These reaction
conditions (Source, Initiator = 5.5 pM, Sink = 1.25 puM) were then used to further characterize
nanotube growth with buffering.

{0239] Nanotube growth with tile concentration buffering resulted in sustained nanotube
growth over 72 hours and produced seeded nanotubes 5-10 fold longer than growth with a fixed
150 nM of tiles across all the seed concentrations tested (FIGS. 27A-27B). Buffering also resulted
in fairly monodispersed nanotube lengths throughout the growth process (FIG. 27C) and produced
a high fraction of nanotubes attached to seeds (FIG. 27D, top), indicating that growth is initiated
primarily from the seeds. Nanotube growth with tile concentration buffering also resulted in the
maximum fraction of seeds nucleating nanotubes across all the tested seed concentrations
compared to growth with 150 nM tiles where the fraction of seeds that nucleated nanotubes
decreased with increasing seed concentration (FIG. 27D, bottom). These results are in line with
the simulation results in FIG. 26D.

{0248]  The total concentration of tiles that were incorporated into nanotubes during the growth
process was quantified and it was found that, at the highest seed concentration, tile buffering
resulted in nearly 20-fold more tiles being incorporated into nanotubes compared to growth with
a fixed 150 nM tiles. For 150 nM tiles samples roughly 70 nM of tiles were incorporated into the
nanotubes while growth with buffering at 1 nM of seeds incorporated >1300 nM of tiles into
nanotubes (FIG. 27E). Buffering was able to produce nanotubes with similar mean lengths to
growth with 1000 nM tiles but produced much more monodispersed length distributions and higher
fractions of nanotubes with seeds since growth primarily occurred from the seeds. Further,
buffering sustained active growth over the whole 72-hour experiment while growth with 1000 nM

tiles ceased after 8 hours.

Example 15
{0241)  Tile buffering adapts to temporal changes in growth demand. Since tile concentration
buffering is able to sustain active nanotube growth for 72 hours over a broad range of seed
concentrations (FIG. 27), buffering should be able to adapt to temporal changes in growth demand,
such as an increase in the concentration of seeds during the growth process. The capability to adapt
to increases in growth demand could be important for building hierarchical structures where new

growth sites are introduced or activated sequentially to build the final structure. For example,
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microtubule growth and branching is important during neuron development to build hierarchical
axon networks. To investigate whether buffering could sustain nanotube growth through changes
in growth demand, the buffering components were initially mixed with 0.1 nM of seeds (S1 seeds)
and tracked nanotube growth for 24 hours. An additional 0.1 nM of seeds labeled with a different
fluorescent tag (S2 seeds) was then added and tracked growth for another 48 hours. Conducting
this experiment with a fixed 150 nM tiles, it was found that growth only occurred from the S1
seeds. In contrast, buffering resulted in nanotube growth from both the S1 seeds and the S2 seeds
(FIG. 28A), resulting in unique length distributions for each seed type (FIG. 28B). With buffering,
sustained growth was observed for both seeds over the course of the 72 hour experiment, while
nanotube growth stopped after 24 hours for samples with a fixed 150 nM (FIG. 28C) or 1000 nM
tiles. Further, buffering resulted in high fractions of seeds nucleating nanotubes for both seed types
while hardly any nucleation was observed for the S2 seeds in the sample with a fixed 150 nM tiles
(FIG. 28D). These results demonstrate that the buffering reaction is able to adapt to temporal

changes in growth demand.

Example 16
[0242]  Modeling the coupled nanotube growth and tile concentration buffering. A quantitative
kinetic model of the coupled nanotube growth and tile concentration processes was built to better
understand how these systems. To better recapitulate the experimental nanotube growth results,
the reaction rate constants were adjusted in the stochastic kinetic model of nanotube growth with
tile concentration buffering (FIGS. 29A-29D). This model was then used to investigate how the
tile buffering species varied over the course of the reactions. The simulations predicted that the
active tile concentration will decrease over the course of the experiments (FIG. 29E). This is a
result of the equilibrium setpoint of the tiles decreasing during nanotube growth. As tiles are
consumed during growth and replenished by the buffering reaction network, the concentration of
the buffering species changes, shifting the equilibrium tile concentration. Each tile that is produced
by the buffer depletes a Source and an Initiator complex (FIG. 29F) and produces a Sink strand
(FIG. 29G) and from Equation 3, all of these concentration changes will decrease the equilibrium
tile concentration. Thus, nanotube growth will eventually halt once the equilibrium tile
concentration of the reaction network drops to the critical tile concentration. The higher the seed

concentration, the faster the buffer will reach this point (FIG. 29E).
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{0243]  The buffering reaction rate constants (kr and kr) that best recapitulated nanotube growth
results were two orders of magnitude lower than predicted by the lengths of the toeholds used for
the reactions. This could be because both of the buffering reactions require a strand to switch
helices on the core of the tiles during the branch migration process. The simulations showed that
the slower than predicted reaction rate constants cause the buffering reaction to be slower than
nanotube growth and the active tiles cannot be replenished as fast as they are being consumed
(FIG. 29E). Additional simulations with faster buffering reactions indicated that the slower
buffering reactions slow down nanotube growth, but the two systems should ultimately reach
similar final states after 72 hours.

{6244]  Since changes in the concentrations of the buffering species during growth limits how
long growth can occur, nanotube growth was simulated with either 2-fold or 5-fold higher initial
Source and Initiator concentrations to see how much longer this would extend growth. In these
simulations Sink concentrations were selected that would result in the same initial equilibrium tile
concentrations as the buffer tested experimentally. These simulations showed that increasing the
concentrations of the buffering species increases buffering capacity, predicting longer nanotubes
and higher concentrations of tiles incorporated into nanotubes than the buffer tested
experimentally. However, even with 5-fold more initial Source and Initiator complexes, the
equilibrium tile concentration still significantly decreases during growth with high seed
concentrations, so it is likely that particularly high concentrations (> 100 uM) of the buffering
species would be required to completely mitigate tile depletion. Growing nanotubes with such high
concentrations of the buffering species could have practical limitations because it was found that

the Source and Initiator complexes can interfere with nanotube growth.

Example 17
[0245] DNA tile and tile buffering components are shown in FIG. 44, and the sequences used

are provided in Table 3.

{0246] Table 3. Sequences.

Strand | Sequence SEQ ID
name NO:
Tr -1 CGTATTGGACATTTCCGTAGACCGACTGGACATCTTCG 17
Tr -2 TGGTCCTTCACACCAATACGGCAT 18
Tr -3 TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG 19
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Tr -4 CAGACGAAGATGTGGTAGTGGAATGC 20
Tr -5 TCCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG 21
Ts-1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACTC 22
Ts-2 /SCy3/TTTCTGGTAGAGCACCACTGAGAGGT 23
Ts-3 CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT 24
Ts-4 ACCAGAGTTTCGTGGTCATCGTACCT 25
Ts-5 ACGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC 26
Nr TATTGGTGTGAAGGACCA 27
Ns CAGTGGTGCTCTACCAGA/3IADRQSp/ 28

[0247] The design of the DNA origami seed was adopted from previous studies. A seed is
composed of a scaffold strand (M13mp18 DNA (7,240 bases) purchased from New England
Biolabs), 72 staple strands, and 24 adapter strands (strands on the adapters that possess the tile

sticky end sequences). Dark staples in FIG. 45 direct the structure to cyclize into a cylinder.

[0248] The fluorescent labeling scheme for the origami seed was as described previously.
Briefly, the unused M13 DNA on the termini was used as a binding site for one hundred unique
DNA strands (labeling strands). Each labeling strand was complementary to a portion of the
unfolded M 13 atits 5’ end and had the same 15-base sequence at its 3” end. The 15-base sequence
at the 3° end of each labeling strand served as a binding site for a DNA strand that was modified
with a fluorescent tag at its 5” end (either atto488 or atto647).

{0249]  Sequences of DNA origami staple strands are shown in Table 4. All strands ordered
unpurified from IDT. Numbers beside strand names correspond to the numbered staples in the
diagram provided below. As previously described, hairpins (highlighted in red) were incorporated
into the staples to induce a directional preference for cyclization.

[6250] Table 4. Sequences.

Strand Name Sequence SEQ ID NO:
(1) T _5R2F HP 5 29
TGAGTTTCAAAGGAACGTCCACCGTTTTCGG
TGGACTTAACTAAAGATCTCCAA 3’

(2) T _5R4F HP 5
AAAAAAGGCTTTTGCGGTGGTCCGTTTTCGG
ACCACTTGGATCGTCGGGTAGCA 3’

(3) T _5R6F HP 5
ACGGCTACAAGTACAACTCGGCACTTTTGTG
CCGAGTTCGGAGATTCGCGACCT 3’

(4) T 5R8F HP 5
GCTCCATGACGTAACACGGATCGCTTTTGCG
ATCCGTTAAGCTGCTACACCAGA 3°

30

31

32
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(5) T_5RI0F_HP

5 E
ACGAGTAGATCAGTTGCACCGCTGTTTTCAG
CGGTGTTAGATTTAGCGCCAAAA 3

33

(6) T_SRI2F_CYC_HP

5 E
GGAATTACCACCACCCGTGAGGCGTTTTCGC
CTCACTTTCATTTTCCGTAACAC 3°

34

(7) T_SR2E_HP

5 E
GAGAATAGGTCACCAGCGGAACCGTTTTCGG
TTCCGTTTACAAACTCCGCCACC 3

35

(8) T_SR4E_HP

5 E
AAAGGCCGCTCCAAAACCGTGGCGTTTTCGC
CACGGTTGGAGCCTTAGCGGAGT 3°

36

(9) T_SR6E_HP

5 E
GCGAAACAAGAGGCTTGTGCTGCGTTTTCGC
AGCACTTTGAGGACTAGGGAGTT 3’

37

(10) T_SR8E_HP

5 E
CCAAATCATTACTTAGACGCTGGCTTTTGCC
AGCGTTTCCGGAACGTACCAAGC 3

38

(11) T_5R10E_HP

5 E
AAAGATTCTAAATTGGCGACGGACTTTTGTC
CGTCGTTGCTTGAGATTCATTAC 3’

39

(12) T_5R12E_CYC_HP

5 E
CTCAGAGCGAGGCATAGGCTCCGCTTTTGCG
GAGCCTTGTAAGAGCACAGGTAG 3’

40

(13) T_3R2F_HP

5 E
TGTAGCATAACTTTCAGGCATCCGTTTTCGG
ATGCCTTACAGTTTCTAATTGTA 3°

41

(14) T_3R4F_HP

5 E
TCGGTTTAGGTCGCTGGCTGACGCTTTTGCGT
CAGCTTAGGCTTGCAAAGACTT 3’

42

(15) T_3R6F_HP

5 E
TTTCATGATGACCCCCACCAGCCGTTTTCGG
CTGGTTTAGCGATTAAGGCGCAG 3’

43

(16) T_3R8F_HP

5 E
ACGGTCAATGACAAGACGGAGGCGTTTTCGC
CTCCGTTACCGGATATGGTTTAA 3’

44

(17) T_3R10F_HP

5 E
TTTCAACTACGGAACACTCGCTGCTTTTGCA
GCGAGTTACATTATTAACACTAT 3’

45

(18) T_3RI12F_CYC_HP

5 E
CATAACCCACCGCCACCTGGCTCGTTTTCGA
GCCAGTTCCTCAGAAACAACGCC3’

46

(19) T_3R2E_HP

5 E
TGCTAAACTCCACAGAGCCAGTGCTTTTGCA
CTGGCTTCAGCCCTCTACCGCCA 3’

47

(20) T_3R4E_HP

5 E
ATATATTCTCAGCTTGCCGTCCGCTTITTGCGG
ACGGTTCTTTCGAGTGGGATIT 3’

48

(21) T_3R6E_HP

5 E
CTCATCTTGGAAGTTTCGGATGGCTTTTGCCA
TCCGTTCCATTAAACATAACCG 3’

49

(22) T_3R8E_HP

5 E
AGTAATCTTCATAAGGTCTGGTCGTTTTCGA
CCAGATTGAACCGAACTAAAACA Y

50
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(23) T_3R10E_HP

5 E
ACGAACTATTAATCATGGCACCTGTTTTCAG
GTGCCTTTGTGAATTTCATCAAG 3’

51

(24) T_3R12E_CYC_HP

5 E
CCCTCAGATCGTTTACCGCTTGCGTTTTCGCA
AGCGTTCAGACGACTTAATAAA Y

52

(25) T_IR2F_HP

5 E
CGTAACGAAAATGAATCCTGCCTGTTTTCAG
GCAGGTTTTTCTGTAGTGAATTT 3’

53

(26) T_IR4F_HP

5 E
CTTAAACAACAACCATCGGTGCCGTTTTCGG
CACCGTTCGCCCACGCGGGTAAA Z

54

(27) T_IR6F_HP

5 E
ATACGTAAGAGGCAAACTCGGTCGTTTTCGA
CCGAGTTAGAATACACTGACCAA Y

55

(28) T_IR8F_HP

5 E
CTTTGAAAATAGGCTGCCGAGGACTTTTGTC
CTCGGTTGCTGACCTACCTTATG 3’

56

(29) T_IR10F_HP

5 E
CGATTTTAGGAAGAAACGGCAGGCTTTTGCC
TGCCGTTAATCTACGGATAAAAA Y

57

(30) T_IR12F_CYC_HP

5 E
CCAAAATATACTCAGGTGCGGTCGTTTTCGA
CCGCATTAGGTTTAGATAGTTAG 3°

58

(1) T_IR2E_HP

5 E
ACGTTAGTTCTAAAGTCGCTTGGCTTTTGCCA
AGCGTTTTTGTCGTGATACAGG 3’

59

(32) T_IR4E_HP

5 E
CAATGACAGCTTGATATGGCGAGCTTTTGCT
CGCCATTCCGATAGTCTCCCTCA 3°

60

(33) T_IR6E_HP

5 E
AAACGAAATGCCACTACCACCTCGTTTTCGA
GGTGGTTCGAAGGCAGCCAGCAA Y

61

(34) T_IRSE_HP

5 E
CCAGGCGCGAGGACAGCTCTGGACTTTTGTC
CAGAGTTATGAACGGGTAGAAAA 3’

62

(35) T_IR10E_HP

5 E
GGACGTTGAGAACTGGCGAGGCACTTTITGTG
CCTCGTTCTCATTATGCGCTAAT 3’

63

(36) T_IR12E_CYC_HP

5 E
TATCACCGGCGAGAGGCTGCGTCGTTTTCGA
CGCAGTTCTTTTGCAATCCTGAA 3’

64

(37) TIR2F_HP

5 E
AGTGTACTATACATGGCTCCTGCGTTTTCGC
AGGAGTTCTTITGATCTTTCCAG 3’

65

(38) TIR4F_HP

5 E
GAGCCGCCCCACCACCGTCAGGCGTTITCGC
CTGACTTGGAACCGCTGCGCCGA 3’

66

(39) TIRGF_HP

5 E
AATCACCACCATTTGGCGTCCTGCTTTTGCA
GGACGTTGAATTAGACCAACCTA 3’

67

(40) TIRSF_HP

5 E
TACATACACAGTATGTCGGACCTGTTTTCAG
GTCCGTTTAGCAAACTGTACAGA 3°

68
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(41) TIR10F_HP

5 E
ATCAGAGAGTCAGAGGCGAGGTCGTTTTCGA
CCTCGTTGTAATTGAACCAGTCA 3’

69

(42) TIR1I2F CYC HP

5 E
TCTTACCATATAAGTACCGAGGCGTTTTCGC
CTCGGTTTAGCCCGGAATAGGTG 3°

70

(43) TIR2E_HP

5 E
TAAGCGTCGGTAATAACAGGAGCGTTTTCGC
TCCTGTTGTTTTAACCCGTCGAG 3’

71

(44) TIR4E_HP

5 E
AACCAGAGACCCTCAGGCAGTCGCTTTTGCG
ACTGCTTAACCGCCACGTTCCAG 3°

72

(45) TIRGE_HP

5 E
GACTTGAGGTAGCACCGTCTGGCGTTTTCGC
CAGACTTATTACCATATCACCGG 3°

73

(46) TIRSE_HP

5 E
TTATTACGTAAAGGTGTGGCTGCGTTTTCGC
AGCCATTGCAACATACCGTCACC 3’

74

(47) TIR10E_HP

5 E
TGAACAAAGATAACCCAGTGCCTGTTTTCAG
GCACTTTACAAGAATAAGACTCC 3’

75

(48) TIRI2E CYC HP

5 E
AGGGTTGAACGCTAACGCCAGGACTTTTGTC
CTGGCTTGAGCGTCTGAACACCC 3

76

(49) T3R2F_HP

5 E
TGCCTTGACAGTCTCTGTCGGTGCTTTTGCAC
CGACTTGAATTTACCCCTCAGA 3’

77

(50) T3R4F_HP

5 E
GCCACCACTCTTTTCACGGTCGGCTTITTGCCG
ACCGTTTAATCAAATAGCAAGG S

78

(51) T3R6F_HP

5 E
CCGGAAACTAAAGGTGGACCTGGCTTTTGCC
AGGTCTTAATTATCATAAAAGAA

79

(52) T3RSF_HP

5 E
ACGCAAAGAAGAACTGTCGGCTCGTTTTCGA
GCCGATTGCATGATTTGAGTTAA 3°

80

(53) T3R10F_HP

5 E
GCCCAATAGACGGGAGCACAGGCGTTTTCGC
CTGTGTTAATTAACTTTCCAGAG 3’

31

(54) T3R12F CYC HP

5 E
CCTAATTTACCAGGCGTCGGAGCGTITTCGC
TCCGATTGATAAGTGGGGGTCAG 3’

32

(55) T3R2E_HP

5 E
GGAAAGCGGTAACAGTGTGGCAGCTTTTGCT
GCCACTTGCCCGTATCGGGGTIT 3°

33

(56) T3R4E_HP

5 E
GTTTGCCACCTCAGAGACCAGGCGTTTTCGC
CTGGTTTCCGCCACCGCCAGAAT 3°

34

(57) T3RGE_HP

5 E
TTATTCATGTCACCAAGCTCGCTGTTTTCAGC
GAGCTTTGAAACCATTATTAGC 3’

85

(58) T3RSE_HP

5 E
ATACCCAAACACCACGCCTACCGCTTTTGCG
GTAGGTTGAATAAGTGACGGAAA B’

86
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(59) T3R10E_HP

5 E
GCGCATTAATAAGAGCCTGGACGCTTTTGCG
TCCAGTTAAGAAACAATAACGGA 3’

87

(60) T3R12E CYC HP

5 E
TGCTCAGTGCCAGTTAGGTGGTCGTTTTCGA
CCACCTITCAAAATAAACAGGGAA 3°

38

(61) T5R2F_HP

5 E
AATGCCCCATAAATCCGCTCGGACTTTTGTC
CGAGCTTTCATTAAAAGAACCAC S

89

(62) TSR4F_HP

5 E
CACCAGAGTTCGGTCAGCCGAGCGTTITCGC
TCGGCTTTAGCCCCCTCGATAGC 3’

90

(63) TSRGF_HP

5 E
AGCACCGTAGGGAAGGTCGGAGGCTTTTGCC
TCCGATTTAAATATTTTATTTTG 3°

91

(64) T5RSF_HP

5 E
TCACAATCCCGAGGAACTGGTGGCTTTTGCC
ACCAGTTACGCAATAATGAAATA 3°

92

(65) TSR10F_HP

5 E
GCAATAGCAGAGAATACCGCAGGCTTTTGCC
TGCGGTTACATAAAAACAGCCAT 3

93

(66) TSR12F CYC HP

5 E
ATTATTTAGAAGGATTGCCATCGCTTTTGCG
ATGGCTTAGGATTAGAAACAGIT 3’

94

(67) TSR2E_HP

5 E
ACAAACAACTGCCTATCACGACGCTITTTGCG
TCGTGTTTTCGGAACCTGAGACT 3°

95

(68) TSR4E_HP

5 E
TCGGCATTCCGCCGCCGTCGCTGCTTTTGCA
GCGACTTAGCATTGATGATATTC 3’

96

(69) TSR6E_HP

5 E
ATTGAGGGAATCAGTACGGAGCACTTITTGTG
CTCCGTTGCGACAGACGTITTCA 3

97

(70) TSRSE_HP

5 E
GAAGGAAAAATAGAAAGCCTAGCGTTITCG
CTAGGCTTATTCATATTTCAACCG 3’

98

(71) TSR10E_HP

5 E
CTTTACAGTATCTTACCGCTCGTGTTTTCACG
AGCGTTCGAAGCCCAGTTACCA 3°

99

(72) TSRI2E CYC _HP

5 E
CCTCAAGATCCCAATCCGTGGAGCTTTTGCT
CCACGTTCAAATAAGATAGCAGC 3’

100

0251}

(AS1 — AS6), 3 adapters that present the Tr sticky ends and 3 adapters that present the Ts sticky
ends. The adapters resemble DNA tiles composed but are bound to M13 DNA (gray) where strand
2 would normally be on the tiles. Sequences of DNA origami seed tile adapters are shown in Table

5. All strands were ordered from Integrated DNA Technologies, Inc (IDT), strands 1, 3, and 5 were

As shown in FIG. 46, there are 6 tile adapters around the circumference of the seed face

all ordered unpurified and all sticky end strands (strand 4) were ordered PAGE purified.
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[0252]

Table 5. Sequences.

Strand
name

Sequence

SEQ ID
NO:

Tr
adapter
AS1-1

AGGGATAGCAAGCCCACAACGTGAGGACACTTGGAGGCTGCACTCG

101

Tr
adapter
AS1-3

TGTCCTCACGTTGCTGGATGCCGATCCTACGACACCTCCAAG

102

Tr
adapter
AS1-5

TCGCTGACTTGTCGTAGGATCGGCATCCAGATAGGAACCCATGTAC

103

Tr
adapter
AS1-4

CAGACGAGTGCAGAGTCAGCGAATGC

104

Ts
adapter
AS2-1

GAATTGCGAATAATAAGTGACCTTGCTGTACCGTCGAGATGGAGTC

105

Ts
adapter
AS2-3

ACAGCAAGGTCACCGCAGTTGGCACTAGGCGACATCGACGGT

106

Ts
adapter
AS2-5

ACCACAACCTGTCGCCTAGTGCCAACTGCGTTTTTTCACGTTGAAA

107

Ts
adapter
AS2-4

ACCAGACTCCATCGGTTGTGGTACCT

108

Tr
adapter
AS3-1

ACCCTCAGCAGCGAAACGAGTACGGCAACACGGTGAGAGCCTACGG

109

Tr
adapter
AS3-3

GTTGCCGTACTCGACTGGTCACGAACGTCTCCAACTCACCGT

110

Tr
adapter
AS3-5

TGCTCTGCCTTGGAGACGTTCGTGACCAGTGACAGCATCGGAACGA

111

Tr
adapter
AS3-4

CAGACCGTAGGCTGGCAGAGCAATGC

112
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Ts TGTATCATCGCCTGATCAACGGTACGAGATGCGAAGCACAGAGTGC 113
adapter
AS4-1

Ts TCTCGTACCGTTGCCAGTAGACCTAGCCGACGTGGCTTCGCA 114
adapter
AS4-3

Ts AGTCACGCTCACGTCGGCTAGGTCTACTGGAAATTGTGTCGAAATC 115
adapter
AS4-5

Ts ACCAGCACTCTGTAGCGTGACTACCT 116
adapter
AS4-4

Tr CATTCAGTGAATAAGGACGCTATGCCTATCGCTCTAGGACCTCTGG 117
adapter
AS5-1

Tr ATAGGCATAGCGTTGCTCCAGTCTGCTGCTCAGGCTAGAGCG 118
adapter
AS5-3

Tr TCCACGACTCCTGAGCAGCAGACTGGAGCACTTGCCCTGACGAGAA 119
adapter
AS5-5

Tr CAGACCAGAGGTCAGTCGTGGAATGC 120
adapter
AS5-4

Ts GAATACCACATTCAACACCGATGAGGATCACGGCACTCGACACTGC 121
adapter
AS6-1

Ts GATCCTCATCGGTCAAGCGAAGGTGCGAGCCTGTAGTGCCGT 122
adapter
AS6-3

Ts AGCGGACTGACAGGCTCGCACCTTCGCTTGTAATGCAGATACATAA 123
adapter
AS6-5

Ts ACCAGCAGTGTCGCAGTCCGCTACCT 124
adapter
AS6-4

{6253] DNA origami terminus strands for fluorescent labeling are shown below in Table 6. All
labeling strands ordered unpurified from IDT. Fluorescent strands were ordered HPLC purified
from IDT.

j0254] Table 6. Sequences.
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Strand Name Sequence SEQID
NO:
Fluorescent strands
atto647 strand (S2 seeds) | /SATTO647NN/AAGCGTAGTCGGATCTC 3 125
atto488 strand (S1 seeds) | /SATTO488N/AAGCGTAGTCGGATCTC 3’ 126

Labeling strands

Unused m13mpl8 01 5" AAATTCTTACCAGTATAAAGCCAACTTTTGAGATCCGACTACGC 3° 127
Unused m13mpl8 02 5" GCCTGTTTAGTATCATATGCGTTATTTTTGAGATCCGACTACGC 3’ 128
Unused m13mpl8 03 5" ACACCGGAATCATAATTACTAGAAATTTTGAGATCCGACTACGC 3’ 129
Unused m13mpl8 04 5" GATAAATAAGGCGTTAAATAAGAATTTTTGAGATCCGACTACGC 3’ 130
Unused m13mpl8 05 5" TTTAATGGTTTGAAATACCGACCGTTTTTGAGATCCGACTACGC 3’ 131
Unused m13mpl8 06 5" TTAGTTAATTTCATCTTCTGACCTATTTTGAGATCCGACTACGC 3’ 132
Unused m13mpl8 07 5" ACGCGAGAAAACTTTTTCAAATATATTTTGAGATCCGACTACGC 3’ 133
Unused m13mpl8 08 5" GATGCAAATCCAATCGCAAGACAAATTTTGAGATCCGACTACGC 3’ 134
Unused m13mpl8 09 5" TGGGTTATATAACTATATGTAAATGTTTTGAGATCCGACTACGC 3’ 135
Unused m13mpl8 10 5" ACTACCTTTTTAACCTCCGGCTTAGTTTTGAGATCCGACTACGC 3’ 136
Unused m13mpl8 11 5" AATTTATCAAAATCATAGGTCTGAGTTTTGAGATCCGACTACGC 3’ 137
Unused m13mpl8 12 5" TTAAGACGCTGAGAAGAGTCAATAGTTTTGAGATCCGACTACGC 3’ 138
Unused m13mpl8 13 5" TCCTTGAAAACATAGCGATAGCTTATTTTGAGATCCGACTACGC 3’ 139
Unused m13mpl8 14 5" TCGCTATTAATTAATTTTCCCTTAGTTTTGAGATCCGACTACGC 3’ 140
Unused m13mpl8 15 5" AGTGAATAACCTTGCTTCTGTAAATTTTTGAGATCCGACTACGC 3’ 141
Unused m13mpl8 16 5" GAAACAGTACATAAATCAATATATGTTTTGAGATCCGACTACGC 3’ 142
Unused m13mpl8 17 5" ATTTCATTTGAATTACCTTTTTTAATTTTGAGATCCGACTACGC 3’ 143
Unused m13mpl8 18 5" AGAAAACAAAATTAATTACATTTAATTTTGAGATCCGACTACGC 3° 144
Unused m13mpl8 19 5 CAAAAGAAGATGATGAAACAAACATTTTTGAGATCCGACTACGC 3° 145
Unused m13mpl8 20 5" GCGAATTATTCATTTCAATTACCTGTTTTGAGATCCGACTACGC 3’ 146
Unused m13mpl8 21 5" AATACCAAGTTACAAAATCGCGCAGTTTTGAGATCCGACTACGC 3’ 147
Unused m13mpl8 22 5" CAATAACGGATTCGCCTGATTGCTTTTTTGAGATCCGACTACGC 3’ 148
Unused m13mpl8 23 5" TAACAGTACCTTTTACATCGGGAGATTTTGAGATCCGACTACGC 3’ 149
Unused m13mpl8 24 5" CAGGTTTAACGTCAGATGAATATACTTTTGAGATCCGACTACGC 3’ 150
Unused m13mpl8 25 5" CAGAAATAAAGAAATTGCGTAGATTTTTTGAGATCCGACTACGC 3° 151
Unused m13mpl8 26 5" CCATATCAAAATTATTTGCACGTAATTTTGAGATCCGACTACGC 3’ 152
Unused m13mpl8 27 5" TCTGAATAATGGAAGGGTTAGAACCTTTTGAGATCCGACTACGC 3’ 153
Unused m13mpl8 28 5" TATAATCCTGATTGTTTGGATTATATTTTGAGATCCGACTACGC 3’ 154
Unused m13mpl8 29 5" GATTATCAGATGATGGCAATTCATCTTTTGAGATCCGACTACGC 3’ 155
Unused m13mpl8 30 5" AAGGAGCGGAATTATCATCATATTCTTTTGAGATCCGACTACGC 3’ 156
Unused m13mpl8 31 5" CATTTTGCGGAACAAAGAAACCACCTTTTGAGATCCGACTACGC 3’ 157
Unused m13mpl8 32 5" TAATTTTAAAAGTTTGAGTAACATTTTTTGAGATCCGACTACGC 3° 158
Unused m13mpl8 33 5" GTATTAAATCCTTTGCCCGAACGTTTTTTGAGATCCGACTACGC 3’ 159
Unused m13mpl8 34 5" TAGACTTTACAAACAATTCGACAACTTTTGAGATCCGACTACGC 3’ 160
Unused m13mpl8 35 5" ATAATACATTTGAGGATTTAGAAGTTTTTGAGATCCGACTACGC 3’ 161
Unused m13mpl8 36 5" CAACTAATAGATTAGAGCCGTCAATTTTTGAGATCCGACTACGC 3’ 162
Unused m13mpl8 37 5" TATCTAAAATATCTTTAGGAGCACTTTTTGAGATCCGACTACGC 3’ 163
Unused m13mpl8 38 5" ACTGATAGCCCTAAAACATCGCCATTTTTGAGATCCGACTACGC 3’ 164
Unused m13mpl8 39 5" GAATGGCTATTAGTCTTTAATGCGCTTTTGAGATCCGACTACGC 3’ 165
Unused m13mpl8 40 5" AGAATACGTGGCACAGACAATATTTTTTTGAGATCCGACTACGC 3’ 166
Unused m13mpl8 41 5" ATAGAACCCTTCTGACCTGAAAGCGTTTTGAGATCCGACTACGC 3’ 167
Unused m13mpl8 42 5 ATAAAAGGGACATTCTGGCCAACAGTTTTGAGATCCGACTACGC 3’ 168
Unused m13mpl8 43 5" GCAGATTCACCAGTCACACGACCAGTTTTGAGATCCGACTACGC 3’ 169
Unused m13mpl8 44 5" ATCGTCTGAAATGGATTATTTACATTTTTGAGATCCGACTACGC 3° 170
Unused m13mpl8 45 5" ATGGAAATACCTACATTTTGACGCTTTTTGAGATCCGACTACGC 3’ 171
Unused m13mpl8 46 5" CCAGCCATTGCAACAGGAAAAACGCTTTTGAGATCCGACTACGC 3’ 172
Unused m13mpl8 47 5" CTGGTAATATCCAGAACAATATTACTTTTGAGATCCGACTACGC 3’ 173
Unused m13mpl8 48 5" GTAGAAGAACTCAAACTATCGGCCTTTTTGAGATCCGACTACGC 3’ 174
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Unused m13mpl8 49 5’ TGATTAGTAATAACATCACTTGCCTTTTTGAGATCCGACTACGC 3° 175
Unused m13mpl8 50 5 AAATTAACCGTTGTAGCAATACTTCTTTTGAGATCCGACTACGC 3’ 176
Unused m13mpl8 51 5" CCGAGTAAAAGAGTCTGTCCATCACTTTTGAGATCCGACTACGC 3’ 177
Unused m13mpl8 52 5" GAAGTGTTTTTATAATCAGTGAGGCTTTTGAGATCCGACTACGC 3’ 178
Unused m13mpl8 53 5" GACAGGAACGGTACGCCAGAATCCTTTTTGAGATCCGACTACGC 3’ 179
Unused m13mpl8 54 5" AACAGGAGGCCGATTAAAGGGATTTTTTTGAGATCCGACTACGC 3’ 180
Unused m13mpl8 55 5’ TCCTCGTTAGAATCAGAGCGGGAGCTTTTGAGATCCGACTACGC 3° 181
Unused m13mpl8 56 5" GCTTTGACGAGCACGTATAACGTGCTTTTGAGATCCGACTACGC 3’ 182
Unused m13mpl8 57 5" CGCCGCTACAGGGCGCGTACTATGGTTTTGAGATCCGACTACGC 3’ 183
Unused m13mpl8 58 5" TAACCACCACACCCGCCGCGCTTAATTTTGAGATCCGACTACGC 3’ 184
Unused m13mpl8 59 5" TGGCAAGTGTAGCGGTCACGCTGCGTTTTGAGATCCGACTACGC 3° 185
Unused m13mpl8 60 5" AAGCGAAAGGAGCGGGCGCTAGGGCTTTTGAGATCCGACTACGC 37 186
Unused m13mpl8 61 5" CGAACGTGGCGAGAAAGGAAGGGAATTTTGAGATCCGACTACGC 3’ 187
Unused m13mpl8 62 5" GATTTAGAGCTTGACGGGGAAAGCCTTTTGAGATCCGACTACGC 3’ 188
Unused m13mpl8 63 5" TAAATCGGAACCCTAAAGGGAGCCCTTTTGAGATCCGACTACGC 3’ 189
Unused m13mpl8 64 5" TTTTGGGGTCGAGGTGCCGTAAAGCTTTTGAGATCCGACTACGC 3’ 190
Unused m13mpl8 65 5" TACGTGAACCATCACCCAAATCAAGTTTTGAGATCCGACTACGC 3° 191
Unused m13mpl8 66 5" AAACCGTCTATCAGGGCGATGGCCCTTTTGAGATCCGACTACGC 3° 192
Unused m13mpl8 67 57 ACGTGGACTCCAACGTCAAAGGGCGTTTTGAGATCCGACTACGC 3’ 193
Unused m13mpl8 68 5" TTTGGAACAAGAGTCCACTATTAAATTTTGAGATCCGACTACGC 3’ 194
Unused m13mpl8 69 5" CCGAGATAGGGTTGAGTGTTGTTCCTTTTGAGATCCGACTACGC 3’ 195
Unused m13mpl8 70 5 AAATCCCTTATAAATCAAAAGAATATTTTGAGATCCGACTACGC 3’ 196
Unused m13mpl8 71 5" TGTTTGATGGTGGTTCCGAAATCGGTTTTGAGATCCGACTACGC 3’ 197
Unused m13mpl8 72 5" CTGGTTTGCCCCAGCAGGCGAAAATTTTTGAGATCCGACTACGC 3’ 198
Unused m13mpl8 73 5" TGAGAGAGTTGCAGCAAGCGGTCCATTTTGAGATCCGACTACGC 3’ 199
Unused m13mpl8 74 5" AGCTGATTGCCCTTCACCGCCTGGCTTTTGAGATCCGACTACGC 3’ 200
Unused m13mpl8 75 5" TTTCTTTTCACCAGTGAGACGGGCATTTTGAGATCCGACTACGC 3’ 201
Unused m13mpl8 76 5" GTTTGCGTATTGGGCGCCAGGGTGGTTTTGAGATCCGACTACGC 3’ 202
Unused m13mpl8 77 5" GAATCGGCCAACGCGCGGGGAGAGGTTTTGAGATCCGACTACGC 3’ 203
Unused m13mpl8 78 5" GAAACCTGTCGTGCCAGCTGCATTATTTTGAGATCCGACTACGC 3’ 204
Unused m13mpl8 79 5" TGCGCTCACTGCCCGCTTTCCAGTCTTTTGAGATCCGACTACGC 3” 205
Unused m13mpl8 80 5" GAGTGAGCTAACTCACATTAATTGCTTTTGAGATCCGACTACGC 3’ 206
Unused m13mpl8 81 5" TAAAGTGTAAAGCCTGGGGTGCCTATTTTGAGATCCGACTACGC 3’ 207
Unused m13mpl8 82 5" TTCCACACAACATACGAGCCGGAAGTTTTGAGATCCGACTACGC 3’ 208
Unused m13mpl8 83 5" CTGTGTGAAATTGTTATCCGCTCACTTTTGAGATCCGACTACGC 3’ 209
Unused m13mpl8 84 5" ATTCGTAATCATGGTCATAGCTGTTTTTTGAGATCCGACTACGC 3’ 210
Unused m13mpl8 85 5" TAGAGGATCCCCGGGTACCGAGCTCTTTTGAGATCCGACTACGC 3’ 211
Unused m13mpl8 86 5" CAAGCTTGCATGCCTGCAGGTCGACTTTTGAGATCCGACTACGC 3’ 212
Unused m13mpl8 87 5" ACGACGTTGTAAAACGACGGCCAGTTTTTGAGATCCGACTACGC 3’ 213
Unused m13mpl8 88 5" TTGGGTAACGCCAGGGTTTTCCCAGTTTTGAGATCCGACTACGC 3’ 214
Unused m13mpl8 89 5" AGGGGGATGTGCTGCAAGGCGATTATTTTGAGATCCGACTACGC 3’ 215
Unused m13mpl8 90 5" CTCTTCGCTATTACGCCAGCTGGCGTTTTGAGATCCGACTACGC 3° 216
Unused m13mpl8 91 5" CTGTTGGGAAGGGCGATCGGTGCGGTTTTGAGATCCGACTACGC 3’ 217
Unused m13mpl8 92 5" GCGCCATTCGCCATTCAGGCTGCGCTTTTGAGATCCGACTACGC 3’ 218
Unused m13mpl8 93 5" CGCTTCTGGTGCCGGAAACCAGGCATTTTGAGATCCGACTACGC 3° 219
Unused m13mpl8 94 5" ATCGCACTCCAGCCAGCTTTCCGGCTTTTGAGATCCGACTACGC 3’ 220
Unused m13mpl8 95 5" GACGACGACAGTATCGGCCTCAGGATTTTGAGATCCGACTACGC 3’ 221
Unused m13mpl8 96 5" GTAACCGTGCATCTGCCAGTTTGAGTTTTGAGATCCGACTACGC 3’ 222
Unused m13mpl8 97 5" GGTCACGTTGGTGTAGATGGGCGCATTTTGAGATCCGACTACGC 3° 223
Unused m13mpl8 98 5" AAACGGCGGATTGACCGTAATGGGATTTTGAGATCCGACTACGC 3’ 224
Unused m13mpl8 99 5" ACAACCCGTCGGATTCTCCGTGGGATTTTGAGATCCGACTACGC 3’ 225
Unused m13mpl8 100 | 5> TTCATCAACATTAAATGTGAGCGAGTTTTGAGATCCGACTACGC?Y’ 226
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Example 18

{0255] To model seeded nanotube growth a stochastic kinetic model of tile
attachment/detachment was used. The Gillespie algorithm was used to simulate nanotube growth
beginning from a stable nucleating facet for a tube six tiles in circumference based on the design
of the seed. A 150 nM tile concentration was used in all the simulations. For the seed
concentrations in the simulations, 75% of the concentrations used in these experiments (e.g., 75%
of 0.1 nM, 0.33 nM, or 1 nM). This adjustment was made because it was observed that 20-30% of
the DNA origami seeds failed to nucleate nanotubes even in conditions where the tile concentration
is above the nucleation barrier for growth. This is presumably due to some of the DNA origami
seeds being incorrectly folded or possessing incomplete or incorrect adapters. These incorrect
seeds would likely have much higher barriers to nucleation than the correct seeds and thus they
may fail to nucleate growth under the reaction conditions. To capture this effect in the model, it
was assumed that 75% of the seeds were capable of nucleating nanotubes and reduced the seed
concentrations in the simulation by 25% compared to the concentrations used in the experiments.
To compare the simulation results to the experimental results, the simulated fractions of seeds
nucleating nanotubes were calculated based on the total experimental seed concentrations (e.g.,
100% of seeds nucleating nanotubes in the simulations is about 75% of seeds nucleating nanotubes
in these experiments).

[0256] Inthe seeded nanotube growth simulations, there were three model parameters that were
varied to recapitulate the experimental data: the rate that tiles can attach to a seed and/or a growing
nanotube face (kon), the free energy of interaction between a tile and the growth face of a nanotube
(AGT-NT), and the nucleation barrier for growth from a seed (korr, 1-s). AGr-NT determines the
detachment rate of a tile from the end of a nanotube through the relationship korr T-NT =
kon*exp(AGT-N1/RT), where R is the universal gas constant and T is the absolute temperature. A
nucleation barrier for growth from an origami seed has been previously described and was modeled
here by assuming the off rate from the first position on the seed was higher than the off rate from
all other positions (korr, T-s > korr, T-nT). It was found that the values: kon = 2x10° M!s!, AGrnt
= -9.3 kcal/mol, and korr, T-s = 6* korr, T-NT best recapitulated the experimental data (FIG. 31).
Unless otherwise stated, these parameters were used in all subsequent modeling of nanotube

growth kinetics in this study.
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Example 19

{0257} Results in FIG. 24 (see also FIG. 31) show that batch nanotube growth with 150 nM
tiles resulted in roughly 65-70% of the seeds nucleating growth at the lowest seed concentration
tested. Initially, it was assumed this was just the inherent yield of the seeds for the growth
conditions selected (e.g., it is possible to nucleate nearly 100% of the seeds but under these batch
growth conditions maximum possible nucleation yield was not obtained). The initial simulations
of nanotube growth with tile concentration buffering (FIG. 26) predicted that buffering should
increase the percentage of seeds nucleating nanotubes to 100% for all of the seed concentrations
tested experimentally; however, these experiments resulted in about 70-80% of the seeds
nucleating nanotubes across a/l the seed concentrations (FIG. 27).

[0258]  As shown in FIG. 28, growth was initiated from two different seeds at different times
during the growth process. In the experiment, seeds with one fluorescent dye (S1) were initially
incubated with the tile concentration buffering components for 24 hours and roughly 75-80% of
the S1 seeds nucleated nanotubes. After 24 hours of growth, seeds identical to the S1 seeds but
labeled with a different fluorescent dye (S2) were added and by the end of the experiment 75-80%
of the S2 seeds nucleated nanotubes. These results indicate that the free tile concentration when
only the S1 seeds are present is still above the nucleation barrier for seeded growth because
nanotubes begin to nucleate from the S2 seeds when these new seeds are added. Thus, the 20-25%
of S1 seeds that did not nucleate in the first 24 hours likely had a higher barrier to nucleation than
the S1 seeds that nucleated growth in the first 24 hours and the S2 seeds that nucleated growth
when added after 24 hours. These results suggest that the maximum percentage of seeds that can

nucleate nanotubes in these systems is roughly 70-80%.

Example 20
{0259] To model the nanotube growth process with tile concentration buffering, the nanotube
growth parameters obtained from the stochastic kinetic model of nanotube growth were used with
150 nM tiles (AG = -9.3 kcal/mol and korr, 1-s = 6*korr, T-NT) and assumed reaction rate constants
for the forward and reverse rates of the tile buffering reactions based on literature values for
toehold mediated strand displacement reactions of the same toehold lengths. Given the Source and
Initiator complexes react via 2-base toehold mediated stand displacement it was initially assumed
the buffering forward reaction rate (kr) to be 1x10> M's™!. Likewise, the buffering reverse reaction

rate (k) was set to be 1x10* M!s™! since the Sink strands and active tiles react via a 4-base toehold
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mediated strand displacement process. It was assumed that the buffering reaction rates for the Tr
and Ts tiles were the same.

[8268] With these parameters nanotube growth was simulated with buffering using three
different values for the rate of tile attachment (kon). With high ko~ values the simulations predicted
rapid growth rates that began to slow down before 24 hours for the higher seed concentrations.
The simulated growth kinetics were different than the experimental growth kinetics which were
much more linear over the 72 hours growth period (FIGS. 37A-37B). The lowest ko~ value used
in the simulations resulted in agreement with the experimental growth kinetics for the high seed
concentrations but predicted much slower growth than observed for the lowest seed concentration
(FIG. 37C).

{6261]  The rate constants assumed for the forward and reverse buffering reactions were large
enough so that the buffer should be able to keep up with nanotube growth (e.g., the buffer should
be able to replace free tiles in the reaction faster than nanotube growth can deplete them) and thus
the free tile concentration in the reaction should always be at its equilibrium value. To evaluate
whether this was the case, the simulated concentrations of the tile buffering components (Si, Li, T,
and Ni) were used and conducted an equilibrium analysis at each timepoint in the simulation. The
concentration of the free tiles was plotted from both the stochastic simulations and the equilibrium
analysis and it was found that these two concentrations were the same over the whole simulation
time (FIG. 37), indicating that tile buffering was faster than nanotube growth for this set of
buffering rate constants.

[8262]  Since the simulations seemed to be overpredicting the initial nanotube growth rate
compared to the experiments, it was thought that the assumed tile buffering reaction rate constants
(ke and kr) were too high. Thus, both of the tile buffering reaction rate constants were lowered two
orders of magnitude (ke = 1x10° M!s™! and kr = 1x10? M!s™!) and the simulations were conducted
again. This set of tile buffering reaction rates produced fairly linear nanotube growth over the
course of 72 hrs and for a kon of 2x10° M!s™! (the value used for the simulated growth of seeded
nanotubes with 150 nM tiles) agreement was established with the experimental results (FIG. 38).
Conducting an equilibrium analysis on the simulated concentrations of the tile buffering
components (Si, Ii, Ti, and Ni) during these simulations it was found that, for the new tile buffering
ke and kr values used, the buffer cannot keep up with nanotube growth (FIG. 38). Additionally, the

higher the seed concentration, the further the simulated free tile concentrations are from their
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equilibrium values, resulting in the different initial growth rates seem across the different seed
concentrations.

[8263]  Using the slower tile buffering reaction rates (ks = 1x10° M!s! and kr = 1x102 Mlsl),
nanotube growth was also simulated with buffering for the different Sink strand concentrations
used in the experiments in FIG. 32. Agreement was established with the experimental results for
all but the highest Sink strand concentration where the simulations overpredicted the observed

growth (FIG. 39).

Example 21

{0264]  Buffer reactions of orders 0 through 2:

[8265] In principle, a reversible reaction of any order can act as a buffer, provided (1) that one
of the products is the molecule X, whose concentration is to be regulated or buffered, (2) all of the
other species besides X are present at high concentration relative to the equilibrium concentration
of X, (3) there is sufficient control over the forward and reverse rate constants (e.g., for a pH buffer
a weak acid with a low dissociation constant was used) to tune the buffer. It was decided to
implement a buffer using two reactants and two products because this reaction form provides the
ability to finely tune both the forward and reverse reaction rates by adjusting the appropriate
reactant concentrations, and because the buffering reaction occurs when the reactants are mixed,
making it straightforward to characterize buffering kinetics. Below is a table describing the
generalized buffer reactions up to the second order, with a brief summary of the benefits of each
form.

{4266] Table 7. Buffer reaction orders:

Reaction Order Concentration
Left Right Reaction m [X]eq
side side
Infinite capacity.
K Equivalent to a
f ky :onal
oth 18t = M } proportiona
K k controller (gain =
i, reference=ﬁ).
ky ky
ks ke [A] Allows the forward
It It A=X f [A]lo » [X]eq | ratetobe tuned by
ky kr changing [4],
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ke k.-[A1IB Prevents the reaction
nd 15t A+B=X krlA11B] N [[;(4]]0’ Blo from occurring until
ky kr eq A and B are mixed.
k; K Allows the reverse
ot ud =X4+C - f [Clo » [X]e, | rate tobe tuned by
k, r[C] changing [C],
ky k¢ [A] Standard form for an
1% ond A;: X+C k0] | > X eoq ° acid-base pH buffer
- Jud » Bﬁ Kac kf [4][B] (410, [Blo, [Co Bimolecular form
e, k. [C] | [Xleq

{0267] Derivations of setpoint concentration, relaxation time, and capacity:
{0268] The governing equation for the bimolecular buffer reaction is:

kg
S+I=N+ X (Eqn 1)
Ky

where:

X 1s the buffered molecule,

S is the source that contains X in an inactive state,
I is the initiator that releases X from S, and

N is the sink that recaptures X.

The mass action ordinary differential equation that governs the kinetics of this reaction is

B = ks [S101] — kn[N][X]. (Eqn 2)

The reaction in Eqn 1 approaches an equilibrium concentration of

_ kS [S]eq [I]eq —K [S]eq[l]eq

Xl., =— = Eqn 3
[ ]eq kN [N]eq eq [N]eq ( q )
where the equilibrium constant K4 is defined as:
— kS [N]eq[X]eq
Keg = —==—""-—
4 T ky  [Sleqllleq (Eqn4)
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{0269]  Setpoint Concentration:

By stoichiometry, the following conservation equations were used:

For very large initial reactant concentrations ([S]O, (o, [N]o > |[X] eq —

[Nleg = [N + ([X]eq — [XIo)

PCT/US2019/049105

(Eqn 5)
(Eqn 6)

(Eqn 7)

[X]o |) In this case the

concentrations of S, I and N can be approximated as roughly constant (i. e.[Sleq = [Slo, lleg =
[, [N]eq = [N],). This reduces Eqn. Eqn 3 to

(Eqn 8)

{0276] Relaxation Time:

{0271} If it is assumed that the initial reactant concentrations are sufficiently high, such that

they do not change significantly as the system approaches equilibrium ([S]o, [1]o, [N]o > [X]eq)

then treat [S], [I] and [N] can be treated as approximately constant, which reduces Eqn. Eqn 2 to

where

The solution to Eqn 9 is

d[X]
T - kp - kd[X]

k,, = Production Rate = kg[S][I]

kg = Degradation Rate = ky[N]

(Eqn 9)

(Eqn 10)

(Eqn 11)

(XI() = [Xlser (1 + ge—%)

(Eqn 12)
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where
N . kp
[X]ser = equilibrium setpoint = T (Eqn 13)
d

[X]O - [X]set

€ = relative of fset from setpoint =
[X]set

(Eqn 14)

1
T = time constant = = (Eqn 15)
d

Eqn 12 can be used to solve for the time it takes to relax to an arbitrary factor o < 1 of the
initial offset:

t
(1 + @) [X]see = Kloor (1 +2¢77) (Ean 16)
which simplifies to
t
a=e 1 (Eqn 17)
which can be solved to find
lrelaxa = —tin(a) (Eqn 18)

Alternatively, ¢ = T can be set and Eqn 18 can be solved to find that each time constant 7 is the
amount of time to relax to a factor of

1
Ap=p = E

(Eqn 19)

j0272] Capacity:
{0273]  To calculate the capacity of the buffer, Eqn 3 is first rendered dimensionless

[X]eq = [X*]eq [e (Eqn 20)
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which gives [X"]eq = Kegq (Eqn 21)

where []. is a concentration scale. The following useful quantities can then be defined, analogous
to pH and pKa in an acid base buffer. Note that this operation is not permissible without rendering
X dimensionless, as logarithms can only operate on dimensionless numbers.

pX = _loglo([X*]eq) (Eqn 22)

pKeq = —loglO(Keq) (Eqn 23)

Taking the —logio of both sides of Eqn 21, and rearranging, it is found

[N]eqllc
pX = pKeq + logqo ([S]eq [”eq) (Eqn 24)
which is analogous to the Henderson-Hasselbalch equation for acid-base buffers. The capacity £
is defined as the concentration of X that must be added to the system to change the pX by a given
offset y. Any y could be selected to define capacity, depending on the magnitude of offset that is
relevant to an experiment. In acid base bufters, y = £1 pH units is often used to define the buffer
capacity, but here generally a smaller range is desired. There are two directions to change pX, and
therefore two capacities, specifically:

Positive B* = [X] added to decrease pXsinq t0 PXinitiqr + v, for (Eqn 25)
capacity y <0
Negative S~ = [X] removed to increase pXyinq; t0 pXinitia + v, for

capacity y >0 (Eqn 26)

Note that the only way to change pX is through the second term on the right hand side of Eqn 24,
which is defined as:

[c[N]eq )
8eq = log (— (Eqn 27)
TN S)eq eq
Therefore, the positive and negative capacity definitions from Eqn’s 25-26 can be restated as the
concentrations of X that must be added or removed to change 6 = 6.4 + y. For clarity, the
following subscripts are used:
0: initial state of buffer before reaching equilibration,
eq: at initial equilibrium,
f: post-disturbance equilibrium

Due to the high concentrations of S, I and N relative to the equilibrium concentration of X, it is
assumed that the concentrations of S, I and N do not change significantly during the initial
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equilibration, i.e. [S,I, N]o = [S, I, N]q. Furthermore, it will be assumed that if a disturbance of
&= [X]gddeqa = —[Competitor], qqeq is applied to the buffer, then the concentrations of S, T and
N change linearly as follows: [S,I]f =[S, []o+, and [N]f = [N],—. With these assumptions:

o 0e([V)o—20)
6f = 6eq +y = 10910 (([S]0+0()([1]0+0c)>

(Eqn 28)

Exponentiating both sides of Eqn 28 with base 10, and rearranging into quadratic form, it is found:

ax?+boc+c=0 (Eqn 29)
where: a=1
[
b=1Plo+ o577 (Eqn 30)
[Plo = [S]o + [1]1{)/
c=[ﬂ0Uh—£kLﬂ3

With a =1, the quadratic formula gives the solution to Eqn. 29 as:

_ JR2 —
_ b+ Vb% —4c (Eqn 31)
2
the values in Eqn. 30 can then be substituted back in to find:

0.6

—[P]o L"‘ \][P]Oz + 2[P] e + [12 —4[S1o[11o + 4 [c[N]o

—_ 106@(]""]/ - 0 1069q+]/ (105eq+]/)2 1066q+y
(=
2
) [c[N]o
notice 10%eq?V = 10V - —— Eqn. 32
STolTT, (Eqn. 32)
2 [.°[N13
therefore (10%ea*7)” = 102 - (Eqn. 33)

which can then be substituted back in to find:

[Plo___[Slolle +jWh2+Cmo+ZWh

2 2-10Y-[N], . 4 2-10" - [N], 1) Slolllo * 37 02r- [N]3
Applying the following definitions:
[Totally = [So + [I1o + [Nlo
b = [Plo  _ [Pl
"7 [Plo+ [Nl [Total]o
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[STo
?s =TT, +
[Plo = ¢p[Total]y
[N]o = (1 — ¢p)[Total],
[Slo = @s[Plo = ¢spp[Total],
[Ilo = (1 — ¢s)[Plo = (1 — ¢ps)pp[Total],

it is found:

X 1 pspp - b5 Pp

¢p[Total]l, 2 2-107-(1—¢p)
1 (9p+201—¢p) 5" Pp” (1 — ps)?
t izt s L) @s - )t e
4 \2-107-(1—¢p) 4-10% - (1 - ¢p)
which is a general form of the capacity equation, normalized by the initial concentration of S+N.

The case where ¢ = 0.5, i.e. [S]o = [I]o was primarily explored, which can be simplified to:
2 0.5¢p

pplTotall, ~ 2-107-(1—¢p)

N 1 Pr ¢’
+ — +
10V (1—¢p) 2-107-(1—¢p)  16- 107 - (1 — p)?
If select y = 1 was selected, i.e. the capacity to change the equilibrium by a factor of ten from the
setpoint concentration, this gives a negative capacity (y = +1, 7 = —x) ) of

_ e b j 1 b 9’

2\ T30 =g T T (=) 20-(1—gp)  1600-(1— ¢,

B~ [Total],

and a positive capacity (y = —1, 87 =x) of

. _®p ¢ 10 S¢p  6.25¢p"
T =—|-1- + - + >

2 0.4-(1—¢p) (1-¢p) (A—¢p) (1—¢p)
If interested in the capacity for smaller changes to the equilibrium concentration, a different y

value can be selected. For instance for the negative capacity to shift the equilbrium by a factor of
0.1 in either direction (i.e. [X]eq=0.9[ X]set, and . [X]eq=1.1[X]set) a negative capacity is found (y =

logqo (0—2) ,B7 = —x) of:

[Total],

_— 0.5¢p
pp[Totally 2:(1/09)- (1 —¢p)

1 bp N Pp°

(59 (1=¢») 2 (g (1—¢p) 1610709 (1 - ¢,)?

and a positive capacity (y = log;, (11—1) , Bt =) of:
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28 0.5¢p
¢p[Totally 2-(1/1.1) - (1 —¢p)

1 ¢p Pp’
1 1 + 1
D A—¢p) 2-(F7p A—¢p) 16:-1078TD - (1 - ¢p)?

These capacities can be rewritten as:
B~ =c” - [Total],
Bt =c* - [Total],
where for large 100% offsets (y = +1):

o o j 1 ¢r o»°
2

—

a
I

10 U —9p) {10 (—¢p) 20-(1—¢p) 1600~ (1 — pp)?

) » 10 5¢p , 6.25¢p"
ct=2E —1- + - + :
2 04-(1- ¢P) 1- ¢P) 1- ¢P) 1- ¢P)
The + term in the expression for ¢* must be +, to ensure that © > 0. Similarly, the + term in the
expression for ¢~ must be -, to ensure that #~ < min([S],, [I]y). For smaller 10% offsets (y =

0810 (25) 7 logao ()

2 (59) (1 = ¢
c = E
2 1 _ ¢p + ¢p”
+ 1
(g5) (1=9) 2-Ggg) (1= 9p) 1610259 (1 - )’
0.5¢p
—1 — 1
2 (13) 1 - ¢
-
2 1 ®p ¢P2

+

D =89 2-(p) A—dp) 16-107%GD - (1 ¢,)?

{6274] The foregoing description of the specific aspects will so fully reveal the general nature
of the invention that others can, by applying knowledge within the skill of the art, readily modify
and/or adapt for various applications such specific aspects, without undue experimentation,
without departing from the general concept of the present disclosure. Therefore, such adaptations
and modifications are intended to be within the meaning and range of equivalents of the disclosed
aspects, based on the teaching and guidance presented herein. It is to be understood that the
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phraseology or terminology herein is for the purpose of description and not of limitation, such that
the terminology or phraseology of the present specification is to be interpreted by the skilled artisan
in light of the teachings and guidance.

[0275] The breadth and scope of the present disclosure should not be limited by any of the
above-described exemplary aspects, but should be defined only in accordance with the following
claims and their equivalents.

[8276]  All publications, patents, patent applications, and/or other documents cited in this
application are incorporated by reference in their entirety for all purposes to the same extent as if
each individual publication, patent, patent application, and/or other document were individually
indicated to be incorporated by reference for all purposes.

{0277}  Sequences referenced herein are provided in an accompanying sequence listing.
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CLAIMS

What is claimed is:

1. A composition for modulating concentration of a polynucleotide, the composition
comprising:

a source complex comprising a single-stranded target polynucleotide; and

a single-stranded initiator polynucleotide capable of associating with the source complex
to displace the target polynucleotide from the source complex;

wherein the concentration of the target polynucleotide is modulated by altering the

concentrations of at least one of the source complex or the initiator polynucleotide.

2. The composition according to claim 1, further comprising a sink complex, wherein the
sink complex comprises a double-stranded polynucleotide comprising the single-stranded
initiator polynucleotide and a complementary single-stranded polynucleotide, wherein the
complementary single-stranded polynucleotide is at least partially complementary to both the

target polynucleotide and the initiator polynucleotide.

3. The composition according to claim 1 or claim 2, wherein the source complex comprises
a double-stranded polynucleotide comprising the single-stranded target polynucleotide and a
complementary single-stranded polynucleotide, wherein the complementary single-stranded
polynucleotide is at least partially complementary to both the target polynucleotide and the

initiator polynucleotide.

4. The composition according to any of claims 1 to 3, wherein the initiator polynucleotide is

at a concentration ranging from about 100 nM to about 1 mM.
5. The composition according to claim 2, wherein the double-stranded polynucleotide

comprising the single-stranded initiator polynucleotide and a complementary single-stranded

polynucleotide is at a concentration ranging from about 100 nM to about 1 mM.
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6. The composition according to claim 3, wherein the double-stranded polynucleotide
comprising the single-stranded target polynucleotide and a complementary single-stranded

polynucleotide is at a concentration ranging from about 100 nM to about 1 mM.

7. The composition according to any of claim 1 to 6, wherein the concentration of the
initiator polynucleotide, the concentration of the double-stranded polynucleotide comprising the
single-stranded initiator polynucleotide and a complementary single-stranded polynucleotide,
and the concentration of the double-stranded polynucleotide comprising the single-stranded
target polynucleotide and a complementary single-stranded polynucleotide are higher than the

concentration of the single-stranded target polynucleotide.

8. The composition according to any of claims 1 to 7, wherein the target polynucleotide

comprises from about 10 to about 100 nucleotides.

0. The composition according to any of claims 1 to 8, wherein the initiator polynucleotide

comprises from about 10 to about 100 nucleotides.

10. The composition according to any of claims 1 to 9, wherein the target polynucleotide and

the initiator polynucleotide comprise at least one toehold domain.

11. The composition according to claims 1 to 9, wherein the toehold domain comprises from

about O to about 10 nucleotides.

12.  The composition according to any of claims 1 to 11, further comprising a reporter

complex comprising a reporter molecule.

13. The composition according to claim 12, wherein the reporter complex comprises a
double-stranded polynucleotide comprising a single-stranded reporter polynucleotide and a
complementary single-stranded quencher polynucleotide, wherein the reporter polynucleotide is
at least partially complementary to both the quencher polynucleotide and the target

polynucleotide.
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14.  The composition according to claim 12, wherein the reporter molecule is selected from
the group consisting of a bioluminescent agent, a chemiluminescent agent, a chromogenic agent,

a fluorogenic agent, an enzymatic agent and combinations or derivatives thereof.

15.  The composition according to any of claims 12 to 14, wherein the reporter polynucleotide

comprises from about 10 to about 100 nucleotides.

16.  The composition according to any of claims 1 to 11, further comprising a competitor
complex.
17. The composition according to claim 16, wherein the competitor complex comprises a

double-stranded polynucleotide comprising a first single-stranded competitor polynucleotide and
a second complementary single-stranded competitor polynucleotide, wherein the first competitor
polynucleotide is at least partially complementary to both the second competitor polynucleotide

and the target polynucleotide.

18.  The composition according to claim 16 or claim 17, wherein the competitor

polynucleotide comprises from about 10 to about 100 nucleotides.

19.  The composition according to any of claims 1 to 18, wherein the target polynucleotide
and the initiator polynucleotide comprise at least one of a DNA molecule, an RNA molecule, a

modified nucleic acid, or a combination thereof.

20. A method of modulating concentration of a polynucleotide, the method comprising:
formulating a composition comprising a source complex comprising a single-stranded

target polynucleotide and a single-stranded initiator polynucleotide capable of associating with

the source complex to displace the target polynucleotide from the source complex; and
increasing or decreasing the concentration of the initiator polynucleotide in the

composition to modulate the concentration of the target polynucleotide.
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21.  The method according to claim 20, further comprising a sink complex, wherein the sink
complex comprises a double-stranded polynucleotide comprising the single-stranded initiator
polynucleotide and a complementary single-stranded polynucleotide, wherein the
complementary single-stranded polynucleotide is at least partially complementary to both the

target polynucleotide and the initiator polynucleotide.

22. The method according to claim 20 or claim 21, wherein the source complex comprises a
double-stranded polynucleotide comprising the single-stranded target polynucleotide and a
complementary single-stranded polynucleotide, wherein the complementary single-stranded
polynucleotide is at least partially complementary to both the target polynucleotide and the

initiator polynucleotide.

23.  The method according to any of claims 20 to 22, further comprising a reporter complex
comprising a reporter molecule, wherein the reporter complex comprises a double-stranded
polynucleotide comprising a single-stranded reporter polynucleotide and a complementary
single-stranded quencher polynucleotide, wherein the reporter polynucleotide is at least partially

complementary to both the quencher polynucleotide and the target polynucleotide.

24, The method according to any of claims 20 to 23, further comprising a competitor
complex, wherein the competitor complex comprises a double-stranded polynucleotide
comprising a first single-stranded competitor polynucleotide and a second complementary
single-stranded competitor polynucleotide, wherein the first competitor polynucleotide is at least
partially complementary to both the second competitor polynucleotide and the target

polynucleotide.

25.  The method according to any of claims 20 to 24, wherein the modulation of the target
polynucleotide comprises increasing the concentration of the target polynucleotide, wherein the
target polynucleotide displaces a small molecule target bound to an aptamer by binding to at

least a portion of the aptamer.
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26.  The method according to any of claims 20 to 25, wherein the modulation of the target
polynucleotide comprises increasing the concentration of the target polynucleotide, wherein the
target polynucleotide alters one or more conformation properties of a nucleic acid-based

hydrogel, or a nucleic acid within a hydrogel or conjugated to a hydrogel or solid support.

27. A system for modulating concentration of two or more polynucleotides, the system
comprising:

a first composition comprising a first source complex comprising a first single-stranded
target polynucleotide and a first single-stranded initiator polynucleotide capable of associating
with the first source complex to displace the first target polynucleotide from the first source
complex; and

at least a second composition comprising a second source complex comprising a second
single-stranded target polynucleotide and a second single-stranded initiator polynucleotide
capable of associating with the second source complex to displace the second target
polynucleotide from the second source complex;

wherein the concentrations of the first and second target polynucleotides are modulated
independently within the system by altering the concentrations of at least one of the first and

second source complexes or the first and second initiator polynucleotides.

28. A composition for modulating nanostructure growth, the composition comprising:

a first source complex comprising two or more single-stranded polynucleotides;

a second source complex comprising two or more single-stranded polynucleotides; and

an initiator complex comprising two or more single-stranded polynucleotides capable of
associating with the first and/or second source complex to displace a polynucleotide from the
first or the second source complex;

wherein the growth of the nanostructure is modulated by altering a concentration of a

polynucleotide of at least one of the first and/or second source complex or the initiator complex.

29. A system for modulating nanostructure growth, the system comprising:
a first composition comprising a first source complex that is a first inactive nanostructure

monomer comprising two or more single-stranded polynucleotides, a first sink complex
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comprising one or more single-stranded polynucleotides, and a first initiator complex comprising
two or more single-stranded polynucleotides that is capable of associating with the first source
complex to produce a first active nanostructure monomer; and

at least a second composition comprising a second source complex that is a second
inactive nanostructure monomer comprising two or more single-stranded polynucleotides, a
second sink complex comprising one or more single-stranded polynucleotides, and a second
initiator complex comprising two or more single-stranded polynucleotides that is capable of
associating with the second source complex to produce a second active nanostructure monomer;

wherein the growth of the nanostructure is modulated by independently altering the
concentration the first and second active monomers by changing the concentrations of at least
one of the first and second source complexes the first and second initiator complexes or the first

and second sink complexes.
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 19/49105

Box No. 1 Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

carried out on the basis of a sequence listing:

a. m forming part of the international application as filed:
m in the form of an Annex C/ST .25 text file.
I:, on paper or in the form of an image file.

b. I:I furnished together with the international application under PCT Rule 13¢er. 1(a) for the purposes of international search

only in the form of an Annex C/ST.25 text file.

c. |:| furnished subsequent to the international filing date for the purposes of international search only:

D in the form of an Annex C/ST.25 text file (Rule 13ter.1(a)).

E] on paper or in the form of an image file (Rule 13zer.1(b) and Administrative Instructions, Section 713).

2. In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished. the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:

Form PCT/ISA/210 (continuation of first sheet (1)) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 19/49105

Box No. I Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. r_—l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. IX] Claims Nos.: 4, 7-19, 23-26
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

I I:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:] As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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