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ABSTRACT: The programmability of nucleic acids allows detection Unassociated Staples Associated Staples

. . . . i . No Strand Displacement Active Strand Displacement
devices with complex behaviors to be designed de novo. While highly

) ‘ - . Th BM Th BM
specific, these high-order circuits are usually sequence constrained, pes—— pem—
making their adaptability toward biological targets challenging. Here, :ap < :ap d > Staple 1 “Stame 2
we devise a new strategy called indirect associative strand displace- a + b miRNA logic-gated
ment to decouple sequence constraints between miRNA inputs and de hybridization to Docking Strand
novo strand displacement circuits. By splitting circuit inputs into their a’ b* docking strand

toehold and branch migration regions and controlling their association Docking Strand

through a docking strand, we demonstrate how any miRNA sequence
can be interfaced with synthetic DNA circuits, including catalytic hairpin assembly and a four-input classifier.
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B INTRODUCTION S1), where the fidelity and integrity of hairgin formation is
21,22

MicroRNAs (miRNAs) are short (~22 nt), noncoding, and .easily aﬁecte.d ‘by sequence constraints.””’ U.nstellble or
single stranded RNAs that play a crucial role in the improper hairpin folding can lead to slower kinetics and

downregulation of gene expression by hybridizing to the 3’ increased backgro_undfleak. In t_h1si pap 61:.1" we sought tg re!ax tﬂe

untranslated region of target mRNA."” Extensive character- sequ;nce constraints for practical application toward miRNA-
ry ated CHA circuits.

ization in different human diseases®® has revealed that multi- 8

input miRNA profiles can be utilized to build highly specific B RESULTS AND DISCUSSION

cell classifiers.””"" Mature miRNAs are especially attractive for

detection because they have minimal secondary structure. To achieve multi-input CHA, we apply the concept of
DNA nanotechnology has proven to be a promising strategy associative strand displacement, which splits the input strand
for developing biomolecular “computers” that process into two components between the toehold and branch

12,13 migration regions. Each component by itself is incapable of
strand displacement. However, when brought together by a
docking strand, association of the split components activates

strand displacement. The concept of associative toehold

information with Boolean-logic behavior. By exploiting
the concept of toehold-mediated strand displacement, DNA
can be dynamically “programmed” with high sequence

specificity and tunable kinetics.'*'® Layering and linking vran )
strand displacement reactions with different structural circuits has. been' prev10usly. demonstrated througl_l three-way
components allows diverse “circuits” to be built with multi- J“““g’?_sizsm which the‘ split components hybndl.ze to each
input combinations to trigger a desired output.'®'” other. Here, we build upon these works and introduce a

Most strand displacement circuits have been rationally docking s.trand to create a four-way junction for associative
designed de novo, and modeling approaches, such as strand displacement. This allows for complete sequence

NUPACK, offer computational methods to design optimal 1nd:p en(t?len.ce b?twee}fltthe EW(i split C(t).mp on.;nNtsA ind tthus
sequences for desired behaviors."®'” While these advances custom tuning of each toward 1ts respective mi arget.

. . - s ing thi h i

accelerate the design of synthetic DNA circuitry with ideal Us.n.lg this strategy, we propose a new approach to de.51gn
. o . . multi-input, miRNA-driven CHA circuits by using an indirect
behavior, challenges remain in adapting them for miRNA, L . ! .
e . associative strand displacement scheme (Figure 1). The split

whose short length means no sequence flexibility in targeting.
Strict sequence constraints often compromise device function
and efficiency. Linear strand displacement cascades, with
limited secondary structure, have thus far seen the most
success with biological targets.g’20 However, DNA devices with
more complex elements, such as structural hairpin features, had
more limited success. This is particularly true for amplification
circuits based on catalytic hairpin assembly (CHA) (Figure
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Indirect Associative Catalyst Scheme (AND-Gate)

1. Staples are pre-hybridized with blocking strand
to prevent association on docking strand.

Staple 1 Staple 2
u—
1c* 1b* 1a* 2a* 2b* 2c*
Clamp Blocking 1 Blocking 2 Clamp
NETS 1b* 2b* 2c*
Docking Strand
miRNA 1 miRNA 2
1b 1a > 2a 2b

2. miRNA inputs strand displace onto blocking strands. Staples are released
from blocking strand by dissociation of clamps (toehold exchange).

miRNA 1
1b 1a_
1c* 1b* 1a*
Blocking 1

miRNA 2
2a 2b
2a* 2b* 2c*
Blocking 2

Associative Catalyst

e

Staple 2
2cp

1c* 1b*

2b* 2c*

Docking Strand

3. Unblocked staples hybridize onto docking strand to activate split
catalyst. Both miRNA inputs must be present for activation to occur.

Figure 1. Indirect associative catalyst scheme (AND-Gate). Step 1. Staple strands are prehybridized to blocking strands to prevent initial
hybridization to docking strand. Clamps, domains (1c) and (2c), are added to increase duplex stability and limit competitive hybridization. Step 2.
MicroRNA inputs (22 nt in total length) displace the blocking strands through toehold domains (1a) and (2a), which are 6—8 nt in length. Step 3.
Unblocked staples hybridize to the docking strand to activate the split catalyst. Both miRNA inputs must be present for activation to occur. Refer to

Figure S4a for alternative reaction pathways.

catalyst components are prehybridized with blocking strands to
prevent association with the docking strand. The presence of
target miRNAs triggers strand displacement and release of the
split catalyst staples, allowing reactivation on the docking
strand. Multi-input CHA is demonstrated for the first time
with AND, NOT, and NOTAND logic behaviors. Further-
more, the strategy is generalized beyond CHA into a four-input
miRNA classifier. This modular method allows for the elegant
interfacing of endogenous miRNA targets with de novo nucleic
acid devices.

The design principle of the split associative catalyst was first
investigated by using a fluorophore/quencher reporter duplex
(Figure S1). The reconstitution of the split catalyst staples on
the docking strand results in a hairpin assembly that exposes
the toehold (2*) domain on the H1 strand, which displaces the
fluorophore strand from the quencher strand. Fluorescence
measurements were normalized by subtracting the signal of the
CHA hairpins alone.”’ Since short miRNAs have a limited
length, we first investigated the effect of hybridization length to
the docking strand in our split catalyst design (Figure S2).
Increasing the docking length improved hybridization and
formation of the split catalyst, leading to improved kinetics
with a maximum initial rate achieved using a 16 nt docking
region, while a 10 nt version offered almost no activation
(Figure S2a). This guided our design moving forward in using
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6 nt of the miRNA for the toehold and the remaining 16 nt for
branch migration.

The split location can also affect the conditional nature of
catalyst strand activation. The leak observed from staple 1
alone in a halfway split catalyst design (Figure S2b) was
unsurprising since it contains not only the toehold region but
also a significant portion of the branch migration sequence. To
eliminate this leak, the split location was shifted closer to the
junction between the toehold and branch migration domains,
denoted location (0). As the split location approaches this
junction, decreasing leak is observed, and at the (+1) location,
where staple 1 includes 1 nt of the branch migration region, no
leak was observed even over 12 h (Figure 2), which was used
for future experiments. While the best split catalyst is three
times slower than the unsplit “l-strand” catalyst positive
control, the CHA reaction was still complete quickly within 90
min (Figure S3).

Next, we proceeded to interface the split catalyst with
miRNA sequences. The catalyst region was kept constant,
while the docking region was adapted for miRNA compati-
bility. Because the docking region does not have structural
constraints, its sequence is easily exchangeable. Using this
modularity, a new indirect associative strand displacement
AND-gate scheme (Figure 1) was developed using two
miRNAs as inputs to trigger strand displacement of blocking
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Figure 2. Optimization of split location. The location at which the
catalyst strand was split was varied at the (+1), (+2), and (+3)
locations. Location (0) is the junction between the toehold and
branch migration domain. Staple 1 by itself was still capable of
initiating hairpin assembly in the (+3) and (+2) locations. At location
(+1), no staple 1 leak is observed.

strands from staples through toehold exchange (Figure S4b)."*
The unblocked staples can then hybridize to the docking
strand for associative catalyst formation. In this scheme, there
is nontrivial competition between the miRNA and the staples
for the docking strand due to shared complementarity in
domains (1b) and (2b) (Figure S4a). To combat this
competition, clamps'®*® (made up of Gs and Cs), domains
(1c) and (2c), were added to the end of the staples to provide
greater complementarity than the miRNA for the docking
strand. More generally, the short and unstructured nature of
miRNAs lends the staples and blocking strands to anneal at
high fidelity when prepared as described in the methods.

To investigate how the clamp could impact overall kinetics
and leak, the clamp length was varied. A 6 nt toehold and 16 nt
branch migration region were utilized for each miRNA. When
only the docking strand and staples were mixed, clamp length
had little effect on CHA kinetics (Figure S5a), as the absence
of miRNA meant no competitive hybridization. Similarly, when
the docking strand and blocked staples were combined, no leak
was observed regardless of clamp length (Figure SSb). Next,
the docking strand was mixed with the staples (without
blocking strands) and miRNA to study competitive hybrid-
ization (Figure SSc). For all clamp lengths, CHA was slower in
the presence of miRNA. Without a clamp, virtually no CHA
was observed, but with increasing clamp length, CHA kinetics
increased as staples outcompeted miRNA for the docking
strand.

After confirming the split catalyst can be stably maintained
on the docking strand using a 6 nt clamp even in the presence
of the competing miRNAs, we tested the use of miRNAs to
execute the full AND-gate circuit. The docking strand and
blocked staples were combined with the two miRNA targets
(Figure S5d). The S nt clamp was found to be optimal, with
clamp lengths both longer and shorter having slower kinetics.
Despite the benefits of the longer clamp (6 nt and 7 nt) in
minimizing miRNA competition to the docking strand, the
clamp is too long for toehold exchange to favor efficient release
of the staple. However, for shorter clamps (3 nt and 0 nt),
increased miRNA competition reduced CHA kinetics despite
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allowing for efficient staple release. In this study, GC clamp
length has been used as a heuristic design rule to demonstrate
the balance between minimizing miRNA competition and
having eflicient release of the staple. Optimal clamp length will
also depend on the sequence composition of the clamps, with
lower GC composition requiring longer clamps.

Using the 5 nt clamp, the AND-gated CHA was tested
against the full truth table, and CHA was only observed when
both miR-122 and miR-21 were present (Figure 3). Hairpin

miR-122 AND miR-21

35000 122 | 21 | cHA
§ — 1-strand (+)

§ 25000 === Docked Staples (+)
o

§ - 0 0 0
%15000 p— 0 0
N
E 0 1 0
§ 5000 — 1 1 1
4

-5000 +

Time (Min)

Figure 3. Response of AND-gated CHA. CHA fluorescence
amplification was observed only in the presence of miR-21 AND
miR-122.

assembly is slightly slower in reaching completion (~60 min),
but only twice as long as the docked staples positive control
(staples prehybridized to docking strand). We next designed a
NOT-gated CHA circuit (Figure 4a). No clamp is necessary
here as there is no competing hybridization event. Since strand
displacement kinetics are highly dependent on the toehold
length and strand concentration,”” we evaluated the threshold
of the NOT-gate using 6 nt and 8 nt toehold designs (Figure
4b). With the 6 nt toehold, CHA was not turned off effectively
at the lower concentration of miR-141. However, the 8 nt
toehold design was able to turn oft CHA after a small initial
increase in fluorescence, since strand displacement to disrupt
the associative catalyst occurred faster. For both designs,
adding 4-fold more miR-141 was sufficiently high enough
concentration to cause disassembly of all initial associative
catalysts instantaneously. This provides a framework for
utilizing toehold length as way to tune threshold concen-
trations required for NOT-gated behavior. This is particularly
important since many miRNAs of interest may be down-
regulated but not completely absent. Thresholding offers a way
to tune and capture “low” states to execute “NOT” behavior.

The AND-gate and NOT-gate designs were combined to
create a NOTAND-gated CHA circuit (Figure Sa). In this
scheme, staple 1 is prehybridized to the docking strand and
staple 2 is prehybridized to a blocking strand. A functional split
catalyst is formed only if miRNA 1 is absent and miRNA 2 is
present. A NOT miR-141 AND miR-21 design was tested
against all input combinations. Only in the absence of miR-141
and presence of miR-21 did CHA occur (Figure Sb). When
both miR-141 and miR-21 were added there was no initial leak,
unlike the NOT miR-141 design. The time delay for strand
displacement of staple 2 from the blocking strand eliminates
initial catalyst activity before the NOT displacement is
completed.

Using the AND/NOT indirect associative strand displace-
ment schemes, we further developed a four-input miRNA

https://doi.org/10.1021/acssynbio.2c00124
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Figure 4. NOT-gated CHA. (a) Schematic of NOT-gated associative
catalyst. The presence of NOT-gated miRNA displaces Staple 1 from
the docking strand through toehold (1a), deactivating the associative
catalyst. (b) Fluorescence of the NOT-gated CHA circuit. Toehold
(1a) length of 6 nt and 8 nt is shown to modulate the miRNA (miR-
141) threshold concentration of the NOT-gate.

classifier based on a two-input circuit from our previous
study.”® This circuit can be easily expanded to four inputs by
splitting each of the original inputs at their toehold and branch
migration junctures. Each split associative input was
NOTAND-gated by two miRNA targets (Figure 6a). The
miRNA combination tested has been previously used to
successfully distinguish HeLa cells from six other human cell
lines."” Increasing the number of miRNA markers used in a
classifier allows for improved selectivity of different cell types.
In this case, expanding from miR-21 AND miR-17 to also
include NOT miR-141 and NOT miR-146 can further
distinguish cancer HeLa cells from healthy pancreatic islet
and podocyte cell types.'” All possible Boolean combinations
were challenged in the 4-input classifier, and an optimal
reaction end point of 6 h was chosen for fluorescence
measurement (Figure 6b). Only the desired miRNA
combination resulted in a significant 70% drop in fluorescence,
while other conditions had minimal leak (Figure 6c). We
envision that a patient RNA sample can be mixed with the
circuit in a one-pot reaction, where the measured fluorescence
is converted to a simple binary diagnostic output without
extensive data processing.

Furthermore, the panel of miRNA assayed can be easily
expanded in the same pot by using orthogonal fluorophores in
parallel. Alternatively, a complete set of 16 differentially labeled
versions of the classifier, where the fluorophore and quencher
are placed on various strands to detect different strand
displacement events, could also be used to elucidate the exact
condition of the sample. Our study focused on novel
modalities for conditionalizing CHA and not necessarily
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NOTAND-Gated Associative Catalyst
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Figure 5. NOTAND-gated CHA. (a) Schematic of NOTAND-gated
associative catalyst. The presence of miRNA 1 displaces staple 1 from
the docking strand. miRNA 2 triggers the release of the staple 2 from
the blocking strand. Only the right combination yields the split
associative catalyst. (b) Fluorescence of the NOTAND-gated CHA
circuit. Only in the absence of miR-141 and presence of mir-21 is
increased fluorescence from CHA observed.

circuit sensitivity. However, a recent study demonstrated that
when coupled with an electrochemical output, CHA can
achieve femtomolar sensitivity,”” implicating the potential of
utilizing CHA for detecting miRNA in clinical samples. Cui et
al. successfully detected 1.8 fmol of miR-21 from S ug of total
RNA extracted from MCF-7 cells, supporting the feasibility of
sensitive CHA within complex RNA samples.

In this study, an indirect associative strand displacement
concept is used to achieve miRNA logic-gated classifiers
without sequence constraints. Toehold length and clamp
length serve as tunable parameters for adapting any miRNA of
interest. Various indirect associative catalyst designs were
executed with logic-gated behavior, including AND, NOT, and
NOTAND designs. This powerful strategy is generalizable to
any strand displacement reaction and provides an initial
framework for creating simple diagnostic assays. Beyond cell-
free sensing applications, as the field makes progress in
overcoming current intracellular delivery hurdles, associative
strand displacement could serve as a strategy for creating
miRNA-responsive devices that probe and control cellular
behavior of live cells for in vivo applications.”® However,
additional challenges beyond delivery include stability and half-
life of the circuit in the cytosol, how to ensure all circuit
components are delivered, and how the crowded intracellular
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Figure 6. Four-input miRNA classifier. (a) Each associative input is controlled by a NOTAND-gate. Associative input 1 and associative input 2
trigger strand displacement of a quencher strand and a fluorophore strand onto the scaffold strand, respectively. Only the correct combination of all
four miRNA will result in fluorescence quenching. (b) Heat map representation of normalized fluorescence for the full logic table at 6 h.
Fluorescence was normalized between the no input condition (set at 1) and the fluorophore and quencher prehybridized to the scaffold strand (set
at 0). Only the correct four-input condition results in a quenched signal (green). (c) Bar graph representation of normalized fluorescence at 6 h for
full logic table. The positive input condition (green) is statistically significant from all other input conditions with at least p < 0.0S, denoted by *,
and calculated by an unpaired Student’s t test. Error bars represent the standard deviation of n = 3 biological replicates.

environment affects the kinetics and output signal of the
circuit.

B METHODS

Materials. DNA oligos were purchased from Integrated
DNA Technologies with standard desalting unless otherwise
indicated. Oligo sequences along with specific strand
modifications are listed in Table S1. All DNA was
reconstituted in hybridization buffer (20 mM Tris, 150 mM
NaCl, S mM MgCl, pH 7.4). DNA mimics of miRNA targets
were used in this study.

Preparation of DNA Complexes. Prehybridized com-
plexes were prepared by heating followed by slow cooling in a
thermocycler (BioRad) as follows. Complexes were prepared
in hybridization buffer and heated to 95 °C for 10 min.
Prehybridization was conducted by mixing the blocking strand
with 1.1X excess of the staple strand to enhance duplex
formation. Prehybridization buffer also contains NaCl and
MgCl, to further stabilize hybridization. Afterward the solution
was slowly cooled to 4 °C at a rate of 0.1 °C/sec. DNA
complexes were stored at 4 °C overnight before use. H1, H2,
and the reporter duplex were prepared separately at 30 uM.
Blocked staples and/or docking strand complexes were
prepared at 10X the final concentration. For the four-input
miRNA classifier, all complexes were prepared at 10X the final
concentration.
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Circuit Running Conditions. All CHA experiments were
run at 37 °C. A ratio of 1:4 was used for catalyst components
to hairpins. The fluorophore/quencher reporter duplex, H1,
and H2 were all used at a final concentration of 1 yM. The 1-
strand catalyst, various associative catalyst staples, and docking
strand were used at 250 nM. The blocking strands were added
in 1.2X (300 nM) excess of the staples, and the inputs were
added in 1.2X (360 nM for AND, 300 nM for NOT) excess of
the blocking strands. The final concentration of miRNA input
(300 nM) was denoted with the Boolean logic value of 1. For
the NOT-gate a logic value of 4 was also tested and is
equivalent to 1200 nM. In general, a master mix of reporter
duplex, H1, and H2 was first prepared and added to wells.
Next, various logic gate components were added. The miRNA
inputs were added last and then immediately assayed on the
plate reader.

The four-input miRNA classifier was run at 25 °C. The
blocked central scaffold complex was prepared with 400 nM of
scaffold strand and 800 nM of blocking strands. The blocked
fluorophore and blocked quencher duplexes were prepared at
750 nM of blocking strand and 500 nM of fluorophore or
quencher strand. NOTAND classifier components are
prepared at 900 nM for docking and staple strands. For staple
blocking strands, 1080 nM was used. The miRNA inputs were
added in 2-fold (1800 nM for NOT and 2160 nM for AND),
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corresponding to the Boolean value of 1. Data plotted in
Figure 6 is at the optimal end point of 6 h.

Fluorescence Measurements of DNA Circuits. For the
characterization of associative catalyst designs, samples were
set up at 100 uL per well in black 96-well plates. Fluorescence
measurements were taken using the Synergy H4 (BioTek)
plate reader at a sensitivity setting of 85. Excitation and
emission wavelengths of 470 and 520 nm were used to
measure FAM fluorescence, respectively. Fluorescence read-
ings were taken every 30 s for the first 2 h and afterward every
2 min. For the four-input miRNA classifier, 25 yL samples
were set up in clear PCR tubes and caps for optical reactions.
Fluorescence measurements were taken on the FAM channel
using a qQPCR machine (BioRad, CFX96). Measurements were
taken every 5 min.
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