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Abstract

In nucleic acid nanotechnology, strand displacement is a widely used mechanism
where one strand from a hybridized duplex is exchanged with an invading strand that
binds to a toehold, a single-stranded region on the duplex. It is used to perform logic
operations on a molecular level, initiate cascaded reactions, or even for in vivo diag-
nostics and treatments. While systematic experimental studies have been carried out
to probe the kinetics of strand displacement in DNA with different toehold lengths,
sequences and mismatch positions, there has not been a comparable investigation of
RNA or RNA-DNA hybrid systems. Here, we experimentally study how toehold length,
toehold location (5" or 3’ end of the strand) and mismatches influence the strand dis-

placement kinetics. We observe reaction acceleration with increasing toehold length



and placement of toehold at 5" end of the substrate. We find that mismatches closer
to the interface of toehold and duplex slow down the reaction more than remote mis-
matches. Comparison of RNA and DNA displacement with hybrid displacement (RNA
invading DNA or DNA invading RNA) is partly explainable by the thermodynamic sta-
bilities of the respective toehold regions, but also suggest that the rearrangement from

B-form to A-form helix in case of RNA invading DNA might play a role in the kinetics.
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Introduction

DNA and RNA play essential roles in all living systems. Besides their importance in biology,
nucleic acids have also become essential in nanotechnology applications due to their struc-
tural diversity and the programmability, enabled by base pairing between complementary
strands. In the past few decades, the fields of DNA and RNA nanotechnology have led
to the design of increasingly complex nanostructures and devices self-assembled from DNA
and/or RNA, with applications ranging from photonics and nanofabrication to drug delivery,
medical treatment and diagnostics.!™

A key mechanism in the field of nucleic acid nanotechnology is the strand displacement
reaction.®% Starting from the pioneering work of DNA nanotweezers done by Yurke et al,”
toehold mediated strand displacement (TMSD) has been employed to construct dynamic
nucleic acid systems. The process has found a wide range of applications that include diag-

89 nanomotors!® and molecular com-

nostics,® reconfigurable and dynamic nanostructures,
putation. 13 It is also likely involved in interactions between RNA molecules in biological

systems. 14 Recent experimental studies have shown that internal strand displacement (where



one part of RNA strand displaces other regions of the same RNA strand) is likely relevant
to the SRP RNA kinetic folding pathway. '®

The strand displacement reaction involves an invading strand (invader) that binds to a
single-stranded region (toehold) on a complementary strand (substrate), displacing a par-
tially complementary strand (incumbent); the initial substrate-incumbent complex is often
referred to as a “gate”. Readout is typically accomplished via an additional duplex (reporter)
with fluorophore-modified ends; this reporter complex undergoes a second strand displace-
ment reaction with the released incumbent, as illustrated in Fig. 1. In short, the strand dis-
placement reaction describes the process in which the invader binds to the complementary,
single-stranded region of substrate strand then processively displaces the substrate-bound
incumbent strand base-by-base via a random walk until the latter is released. This hybridiza-
tion reaction exchanges the incumbent strand from the duplex with the new invader and can
therefore be used to initiate the conformational change or cascaded reactions. Furthermore,
it has been shown that the combination of these reactions can realize complex logic functions,
where the input is presence or absence of a particular strand.'® The presence of a toehold
increases the probability of successful displacement after binding and hence speeds up the
kinetics of the removal of the incumbent strand by the invader, with the speed increasing
with longer toeholds.©

In addition to the extensive usage of DNA strand displacement in nanodevices, RNA and
RNA:DNA hybrid stand displacement are also of great interest due to their potential in in
vivo applications, ranging from synthetic biology to diagnostics.'® Moreover, the RNA:DNA
hybrid strand displacement is also speculated to be be involved in the gene editing process of
CRISPR-Cas9 system, where the formation of R-loop requires the base flipping in the target
DNA double strand for crRNA to bind with the assistance of nearby amino acids.'”'® The
transition of a DNA-DNA duplex to RNA-DNA hybrid duplex could be rationalized with
a strand displacement process.!?2? Further experimental efforts are necessary to verify the

hypothesis while more insights could also be gained through studying the RNA:DNA hybrid



strand displacement system in isolation.

The efforts to understand the mechanism of strand displacement likely began with the
initial studies of branch migration.?%?? Yurke and Mills?® first identified the phenomena of
exponential acceleration of the rate constant with the increasing toehold length with the
study of kinetics. Zhang and Winfree® then studied the mechanism of DNA strand displace-
ment through a systematic kinetics experiment that revealed reaction acceleration saturated
at a toehold length of around 6 nucleotides (nt). The authors proposed a quantitative model
of DNA strand displacement with varying toehold length. Srinivas et al?* then proposed the
“Intuitive Energy Landscape” (IEL) model that sought to predict strand displacement rates
from basepair level thermodynamics. This model has been further extended by Irmisch et
al.® A coarse-grained model of DNA?20 was also used to study strand displacement reactions
through simulation, providing more structural and physical understanding of the underlying
mechanism.?* Furthermore, investigations into the effects of mismatched base pairs between
the invader and the substrate in DNA TMSD have demonstrated that the kinetics are highly
dependent on the position of the mismatch.?™ 2

A systematic study of RNA TMSD was performed in silico with oxRNA,3° a coarse-
grained model of RNA. Qualitatively similar dynamic behavior was observed compared to
DNA strand displacement when the toehold length was varied,3! with exponential speed-up
of TMSD rate with increasing toehold length until the speed is saturated. Additionally,
toehold location (5" or 3') was also predicted to affect the reaction rate due to an extra cross-
stacking interaction between the invader and substrate strands when toehold is located at
the 5 end, which thus speeds up the reaction.

Recently, an experimental study has been carried out where an RNA strand invades a
DNA duplex.3? The authors compared DNA and RNA single strand invading DNA duplex
with a long toehold, and found that the location of the toehold as well as the toehold sequence
affected the kinetics of the displacement.

Here we study RNA-based strand displacement, considering pure RNA-based systems
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Figure 1: Schematic illustration of the experimental design of RNA strand displacement. a)
Oligonucleotide strands are represented with a half headed arrow at the 3’ end. Primary and
reporter toeholds are colored orange and blue, respectively. b) To observe reaction progres-
sion, we used a reporter complex consisting of a FAM-labelled DNA strand hybridized to
a TAMRA-labelled DNA strand, mixed in solution with the primary reaction system. Dis-
placement of the (RNA) incumbent strand from the primary complex triggers the secondary
strand displacement of FAM-labelled fluorescent strand via interaction with the reporter toe-
hold on the TAMRA-labelled strand. This displacement leads to un-quenching of the FAM
fluorescence, allowing us to monitor reaction progress through the FAM signal. Throughout
this work, RNA duplexes are represented with slanted gray lines between the two strands,
DNA duplexes are represented with vertical gray lines, and RNA-DNA hybrids are indicated
by alternating slanted and vertical gray lines (not shown in thiss figure).



as well as hybrid systems with DNA invading an RNA duplex and RNA invading a DNA
duplex. For the first time in experiment, we compare in one experimental set-up the effects
of toehold length, toehold location, and mismatch location on strand displacement kinetics.
Specifically, we examine how mismatches between the RNA invader and the substrate, as
well as toehold positioned at either the 5" or 3’ end of a substrate and finally toehold length
when it is placed at the 5’ end alter the reactions rate. The quantitative analysis of the
kinetics result along with the qualitative modelling will be beneficial for further designs of
RNA-involved strand displacement systems, especially in the fields of synthetic biology and

RNA nanotechnology.

Results and Discussion

We designed a set of experiments to measure TMSD reaction kinetics. As schematically
outlined in Fig. 1, the displaced incumbent strand then binds to a DNA reporter complex
that produces a fluorescent signal to report on the reactions. To study the kinetics of RNA
strand displacement, we consider systems of variable toehold lengths (from 1 to 6 nt) placed
either at 3’ or 5 end of the substrate. We additionally test systems where the invading
RNA strand has a single mismatch with the substrate strand. We consider six different
positions of the mismatch location. We further study the cases of hybrid RNA:DNA strand
displacement, where either the DNA invader displaces incumbent RNA strand bound to an
RNA substrate, or an RNA invader displaces DNA incumbent from a DNA substrate. The
systems studied in experiment are schematically shown in Fig. 2.

The details of the experimental setup and the data fitting procedure are described in the
Supplementary Material. The experimental results for the respective systems studied are
provided below and the fitted rates of TMSD reactions for all the systems studied are shown
in Table 1.
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Figure 2: The design of the invader strand in different experiments. a) Mismatches are
located at position 3 (U — C), 10 (C — A), 20 (C — A), 21 (C — A), 23 (G — A), or 25 (U
— A) from the 5" end of the substrate strand (shown here on the invader strand). Positions
3, 10, and 20 are located in the branch migration region and the last three placed within the
toehold. We only consider experiments where a single mismatch is present. b) We designed
toeholds located either at the 5’ end of the substrate strand and the 3’ end of the invader
(shown in (a) and in Fig. 1), referred to as simply a 3’ toehold, as well as toeholds located
at the 3" end of the substrate strand and correspondingly at the 5 end of the invader (not
shown here), referred to as a 5" toehold . ¢) Toehold length was varied from 1 nucleotide (nt)
to 6 nt on the invader. d) We investigated the scenarios of an RNA strand invading an RNA
duplex (referred to as RNA:RNA), an RNA strand invading an DNA duplex (RNA:DNA),
a DNA strand invading an RNA duplex (DNA:RNA), and a DNA strand invading a DNA
duplex (DNA:DNA). In all cases the respective sequences are identical (with U substituting
for T in case we compare RNA and DNA sequences).
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Figure 3: Summary of the kinetic profiles of RNA strand displacement experiments. Fluo-
rescent signals are normalized according to the protocol described in data processing section.
All curves, unless specified, correspond to reactions with 6 nt 5’ toeholds. Solid, translucent
lines indicate averaged experimental fluorescent trajectories while dotted lines represent the
model fit. Error bars shown at 500s, 1500s, 2500s, 3500s and 4500s represent the standard
deviation calculated from 3 replicate measurements; in some cases they are smaller than
the symbol itself and not visible. a) RNA:RNA displacement with a 1, 3, or 6 nt toehold
located at either 5" or 3’ end. b) RNA:RNA displacement with a 5’ toehold and mismatches
placed in positions selected from either the branch migration domain or toehold domain.
For example, p3 indicates a mismatch in the third base pair from the 5’ end. ¢) RNA:RNA,
DNA:DNA and RNA:DNA hybrid strand displacement curves with 1, 3 and 6 nt 5" toehold.
d) Characterization of the reporter reaction between the incumbent strand and quenched
(DNA) reporter complex to determine ky,. Here, RNA5inc implies an RNA incumbent

strand with the toehold placed at the 5" end.



Table 1: Rate constants obtained from fits to the experimental data in Fig. 3. kg is the
effective rate constant for the displacements of the incumbent by invader. « is a scaling
factor capturing the proportion of the maximum fluorescence signal achieved at equilibrium.
Rate constants with low « value (< 0.70) are considered to align poorly with the assumptions
of the fitted model and are labelled with an asterisk; they should not be treated as reliable.
All the rate constants and the associated a are shown as the average of the fitting results
of the three replicas and the calculated standard deviation is shown in the bracket. A 5 nt
toehold sequence was investigated as well but was determined by native PAGE to exhibit
excessive secondary structure, and so is omitted below.

Experiment log, ke «
RNA:RNA 5 toehold Toehold 1 nt 2.22 (0.05) 1.00 (0)
Toehold 2 nt 4.44 (0.05)" 0.33 (0.02)
Toehold 3 nt 4.37 (0.02) 0.77 (0.04)
Toehold 4 nt 5.16 (0.17) 0.76 (0.03)
Tochold 6 nt 6.25 (0.26) 0.73 (0.01)
Mismatch P3 6.45 (0.23) 0.70 (0.02)
Mismatch P10 4.64 (0.02) 0.71 (0.01)
Mismatch P20 4.03 (0.01) 0.75 (0.01)
Mismatch P21 5.16 (0.04) 0.72 (0.03)
Mismatch P23 5.65 (0.08) 0.73 (0.02)
Mismatch P25 5.99 (0.15) 0.71 (0.02)
RNA:RNA 3’ toehold Toehold 1 nt 8.00 (0)* 0.30 (0.04)
Toehold 3 nt 4.40 (0.09)* 0.68(0.03)
Toehold 6 nt 5.90 (0.22) 0.77(0.01)
RNA:DNA 5 toehold Tochold 1 nt 1.03 (2.81) 0.68 (0.45)
Toehold 3 nt 6.05 (0.41)" 0.07 (0.01)
Toehold 6 nt 5.72 (0.08) 0.81 (0.01)
DNA:DNA 5 tochold Tochold 1 nt 7.09 (0.77)° 0.04 (0.01)
Toehold 3 nt 4.56 (0.12)* 0.1 (0.03)
Toehold 6 nt 5.97 (0.14) 0.77 (0.01)
DNA:RNA 5 toehold Toehold 6 nt 5.33 (0.03)* 0.19 (0.01)




Effects of toehold length and location

We first studied the effects of toehold length on RNA:RNA TMSD kinetics with the toehold
placed at the 5" end of the substrate. We considered toehold lengths 1, 2, 3, 4 and 6
nucleotides, as the reaction with 5nt-toehold involved a gate with unexpected secondary
structures (Figure S4). As shown in the Fig. 3a and Table 1, a clear trend emerges that
increasing the toehold length accelerates the reaction rate for the 5’ end toehold location.
This trend is also observed for the 3’ end toehold location. We observe that for toeholds
longer than 2 nucleotides, the fitted reaction rate increases by about a factor of 6 to 10 for
each additional nucleotide in the toehold domain (Table 1).

This behavior is in agreement with previous experimental measurements for DNA 624
as well as simulation studies of RNA TMSD.3! For shorter toeholds, the probability of the
invader binding to the substrate decreases as the weaker interaction strength leads to frequent
binding and unbinding of the invader from the toehold. Once the free energy of binding to the
toehold becomes sufficiently strong, the rate of displacement saturates, as the probability
of unbinding is so small that the invader always completes the strand displacement after
binding to the toehold.

We note that we had difficulties fitting the reaction rates to fluorescent signal for toehold
lengths 1 and 2, presumably due to the weak signal that has not saturated even over the
duration of the experimental measurements. The experimental measurements are shown in
Fig. S5.

We next compared the dependence of TMSD kinetics on the placement of the toehold at
either the 5’ or 3’ end of the substrate. This comparison has not previously been performed
in a systematic study for RNA strand displacement. However coarse-grained simulations of
TMSD for RNA predicted a speed-up of the reaction if the toehold is placed at the 5" end of
the substrate.3! This phenomenon was attributed to the additional cross-stacking interaction
between the invader and substrate strand at its 5" end due to the A-form helix structure of

the RNA duplex. This structure should provide extra stabilization relative to when the the

10



invader binds to 3’ toehold. The simulations predict that strand displacement is faster by
about a factor 2 to 10 for shorter toeholds until the rate of TMSD is saturated (which is at
about 6 base pairs for average-strength sequences).3!

We measured the rate of TMSD for toeholds of length 1, 3 and 6 nucleotides placed at
3’ end, which were designed so that the free energy of invader binding to them would be
the same as the free energy of binding to toehold of the same length at 5" end, exluding the
putative cross-stacking contribution (see Supplementary Material). For the 3 nt toeholds,
the fitted TMSD rate kg at the 3’ end was comparable to the 5 end. For the toehold length
6 nt, the toehold placed at 5’ end had approximately twenty times faster rate of TMSD than
the one placed at the 3’ end. We were unable to fit the rates for toeholds of length 1 nt, as
the signal was very weak over the duration of the experiment. These results are in contrast
with the simulations, where the rates of displacament were faster for the 5’ end placement
for 3nt length by about a factor of 2, and were comparable for 6 nt length. It is possible that

there are additional sequence-dependent effects that can play role in the TMSD kinetics.
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Figure 4: The fitted rate constants of reactions with different mismatches.
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Mismatch effects

We further study the effects of mismatches between the invader RNA strand and the RNA
substrate. For each system studied, we introduce a single mismatch in the RNA invader
which could form neither Watson-Crick nor wobble complementary base pairing with the
corresponding base on the substrate. For all the experiments with the mismatches, we
consider substrate with toehold length 6 nt placed at the 5 end. We only introduce a single
mismatch in each experimentally studied system, and consider 6 different mismatch positions
in the invader, as shown schematically in Fig. 2a. The mismatches are present either in the
toehold binding region (P25, P23 or P21), in the first base pair next to the toehold end
(P20), in the middle of invader (P10) and three bases from the end (P3). The experimental
measurements are shown in Fig. 3 along with the fitted rates in Table 1 and in Fig. 4.

We observe that all considered mismatch positions lead to a slow-down of the reaction.
However, the effects of the mismatch depend on the position with respect to the interface
where the toehold region ends and the incumbent region begins: position P21 of the invader
is the last base of the toehold region and P20 is the first base which displaces the incumbent.
We observe that the largest slowdown (by about a factor of 134) is for the mismatch at
P20 (Fig. 4), and the smallest effect for the mismatch at the end of furthest point away
from the toehold (P3). For the mismatches in the toehold region (P25-P21), we find that
the closer the mismatch is to the interface, the bigger the slowdown (by up to a factor of
7 difference between the furthest and closest points). Finally, for the mismatches in the
incumbent displacement region, P20, P10 and P3, P20 has a much larger slowdown than
P10, which in turn has a much larger slowdown than P3.

The observed slowdown induced by mismatches at different positions for RNA TMSD is
compatible with the kinetics of TMSD of DNA strands with mismatches observed in com-
putational and experimental studies.?>%7?® The kinetics of the TMSD can be approximately
modeled as a stochastic Markovian process consisting of transitions between states charac-

terized by the number of bonds between respective strands.?* This stochastic process can be
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understood as a random walk on the free-energy profile of displacement, as illustrated in Fig-
ure S8. Introducing a mismatch between the invader and the substrate in the displacement
region creates a free-energy barrier that increases the time it takes the invader to displace
the substrate. The kinetics of the strand displacement is more affected by the mismatches
closer to the toehold interface, as it increases the likelihood of the invader detaching from the
toehold before successfully displacing the incumbent. Mismatches further from the interface
have a smaller effect on the rate because systems that reach the mismatch location have
a higher probability of nonetheless continuing to complete displacement if the mismatch is
encountered later. The possibility of the substrate strand spontaneously detaching from a

state with a small number of remaining base pairs enhances this effect.

RNA:DNA hybrid strand displacement

We next compare the hybrid TMSD systems where either DNA invades RNA duplex (DNA:RNA)
or RNA invades a DNA duplex (RNA:DNA). For the studied toehold lengths (1, 3 and 6 nt),

we also compare the hybrid TMSD systems with experiments where RNA invades RNA du-
plex (RNA:RNA) and where DNA invades DNA duplex (DNA:DNA). For the corresponding
experiments at a given toehold length, we use the same nucleic acid sequences for invader,
substrate and incumbent strands (substituting U for T in the case of RNA). For all the
studied hybrid systems and DNA:DNA systems, the toehold is placed at the 5" end of the
substrate. The fitted TMSD rates are shown in Table 1 with the corresponding curves shown

in Fig. 3c. Sequences are listed in the Supplementary Material (Tables S1-S4).

For the longest toehold considered (6 nt), we observed RNA:RNA to be fastest, then
DNA:DNA, and then RNA:DNA (log,q ke of 6.3, 6.0, and 5.7 respectively); DNA:RNA
did not produce reliable kqg but clearly displayed the slowest rate (Fig. 3c). For the shorter
toehold length of 3 nt, the RNA:RNA appears to be the fastest by visual inspection of the
fluorescent signal (Fig. 3), followed by DNA:DNA and then RNA:DNA. We did not study
DNA:RNA for 3nt toehold. We note that RNA:DNA and DNA:DNA reactions were not

13



reliably fit with with our model (see Table 1), presumably since the reaction was too slow
and did not reach equilibrium within the time of the experiment.

We rationalize the observed behavior of hybrid strand displacement through free-energy
landscapes and known thermodynamic stabilities of duplexes of DNA, RNA, and RNA:DNA

33735 The estimated free-energy profiles for the TMSD, based on intu-

hybrids respectively.
itive energy landscape from Ref.,?* as shown in Figure S8, including all the possible hybrid
reaction scenarios with 6 or 3 nt toehold. Such free-energy landscapes have been used in
prior studies for DNA.3¢ For the same sequence, RNA:RNA toehold binding has the largest
stability, followed by RNA:DNA and DNA:DNA respectively. Once the invader is bound to
the toehold, it can either dissociate (overcoming the barrier given by binding to the toehold)
or it can displace the incumbent. After overcoming the initial barrier to the displacement
(about 2 kgT'), the invader replaces the incumbent through branch migration process. For
RNA:RNA or DNA:DNA TMSD systems, the newly created base pairs have identical sta-
bility, while for RNA:DNA, the new bases are on average more stable than the original
ones, leading to a downhill free-energy landscape. For DNA:RNA, the newly created base
pairs are less stable, so the branch migration part of TMSD corresponds to an uphill free-
energy landscape. We note, however, that DNA:DNA reaction appears slightly faster than
RNA:DNA for 6nt toehold system, despite the fact that the free-energy landscape is downhill
for the RNA:DNA system due to the higher stability of the newly created base pairs. Since
RNA:DNA hybrid duplex is known to prefer A-form helix, as opposed to the B-form typical
for DNA duplexes, we hypothesize that the rearrangement from B-form helix into A-form
might also affect the displacement rate.

The higher stability of the RNA:RNA toehold than the RNA:DNA toehold likely con-
tributes to the slightly faster rate for RNA:RNA 6 nt toehold than for the RNA:DNA and
DNA:DNA systems with the same toehold length. For the sequences used for toeholds of 3 nt,
the stability of RNA:RNA and RNA:DNA toehold is comparable, and hence the RNA:DNA

is expected to proceed faster due to the higher stability of newly formed RNA base pairs in
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the branch migration region.

Conclusion

In a series of experiments, we found that RNA-based TMSD exhibits similar phenomena to
those observed in DNA in terms of the toehold length effects and mismatches between the
invader and the substrate. Through the systematic study of RNA and RNA:DNA hybrid
strand displacement with a focus on the effects of toehold length, toehold location, and mis-
match location, we discovered that: (i) increasing the toehold length has a significant boost
on strand displacement reaction rate, resulting in exponential speed-up of the displacement
reaction until saturation speed is reached, consistent with phenomena previously observed
for DNA TMSD;® (ii) placement of the RNA toehold at 5 end of substrate can accelerate
the reaction for a 6nt toehold; (iii) base mismatches on the invader generally slow down
the reaction, and the closer they are to to the interface of toehold and branch migration
range the bigger the effect; (iv) for toehold of length 6nt, RNA invading RNA duplex is
faster than RNA invading DNA duplex. For toehold of length 3 nt, we found RNA invading
DNA TMSD to be faster than RNA invading RNA. However, there are several open ques-
tions left for further studies. For example, what is the maximal rate of RNA-based strand
displacement? How much does the relative stability of RNA:DNA duplexes to DNA:DNA
favour invasion by RNA? These questions likely require a broader study involving a number
of distinct sequences in order to access the generic biophysics underlying the system.

As the emerging field of RNA nanotechnology evolves and in vivo applications continue
to expand, understanding the kinetics of RNA strand displacement is of increasing impor-
tance. Hybrid displacement systems that interface DNA with RNA are of interest for DNA
nanotechnology interfacing with biological systems. Additionally, strand displacement re-
actions of RNA and hybrid systems can play a role in natural biological processes. Our

results provide first systematic study of RNA and RNA:DNA hybrid displacement kinetics
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and will help in understanding the phenomena and in building stochastic models of TMSD
reactions for RNA and RNA:DNA hybrids. Our measurements can help with parametriza-
tion of strand displacement kinetics dynamics tools3” as well as with optimization of logic
gates based on strand displacement processes for synthetic biology applications, where DNA

or RNA-based gates need to interface with naturally occurring RNAs.

Methods

Sequence Design

The sequences for the strand displacement characterization are designed using NUPACK?3®
to minimize undesired secondary structures. For the experiments where we compare the 3’
and 5’ toeholds, we designed the toehold sequences to have the same free-energy of binding to
the invader and the first and last bases of the branch migration are set to be Gs to minimize
the change of toehold stacking energy. For example, the 5 toehold is 5-GACCAG—, the
corresponding 3’ toehold is -~GACCAG-3’, and the stacking base for the 5" toehold and 3’
toehold are both Gs. All the sequences of RNA and DNA strands that were used in the
experiments are listed in Table S1 - S4 and the NUPACK prediction on each strand is shown

in Figure S1 - S3.

Experiment Design

A schematic illustration is shown in Figure 2. To study the mismatch effects on strand
displacement, six mismatch positions, distributed within both branch migration and toehold
ranges, are selected and changed to another nucleotide that will not pair to the corresponding
nucleotide on the other strand. For the study of both mismatches and toehold length effects,
the toehold is located at the 5" end of the substrate. The toehold length is varied from 1 nt
to 6 nt.

Additionally, experiments with 3" end toehold are conducted for toehold lengths 1, 3, and

16



6 nucleotides. For RNA-DNA hybrid systems, we perform experiments where a) an RNA
invader displaces a DNA incumbent strand from a DNA substrate, and b) a DNA invader
displaces an RNA incumbent strand from an RNA duplex. As a control, strand displacement
experiments with the same toeholds were performed for a pure DNA system. Although our
experiments study RNA strand displacement, the reporter complex is DNA-based since the

stability against degradation provided by DNA will is preferred.

Substrate Preparation

Nucleic acid oligonucleotides used here were purchased from Integrated DNA Technologies
(IDT), and purified through denaturing poly-acrylamide gel electrophoresis. Where applica-
ble, fluorophores were attached by IDT as well. The measured absorbance at 260 nm using
Thermo Scientific™ NanoDrop 2000 along with the calculated extinction coefficient were used
to determine concentrations. All double-stranded complexes were prepared through anneal-
ing processes in a thermocycler (Eppendorf) with different programs in 1X TAE Mg** buffer
(Tris base 40 mM, acetic acid 20 mM, EDTA -Nay - 12H,0 2 mM, (CH3CO0O),Mg-4H,0 12.5
mM). The RNA samples were annealed at 65°C for 5 minutes and then brought down to
20 °C with a constant rate of 1°C/min while for DNA samples, after 5 minutes of annealing

in 90 °C , they were programmed to be cooled down to 20 °C with the same rate.

Fluorimetry Experiments

The fluorescent kinetics over the strand displacement time was monitored with a Nanolog
fluorometer (Horiba Jobin Yvon). All kinetic experiments were performed at 25°C in 1X
TAE Mg?* buffer in a lid-covered Hellma Analytics cuvette. To minimize the non-specific
cohesion of nucleic acids under low concentration to the tubes wall, the sample to be measured
with final concentration (60 nM) was diluted in the cuvette from 2 uM stock solution. To
initiate the reaction, free incumbent was added to the reporter solution for characterization

of the reporter TMSD reaction and incumbent-substrate complex was added to the mixture
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of reporter and invader for characterization of full reaction kinetics.

Before the initiation of reaction, samples were equilibrated for at least 300s to allow
sample temperature and fluorescent signal to stabilize. The addition of strands was kept
was performed by rapidly pipetting the solution and data points collected at the first 12s
were discarded due to the influence of pipetting. Cuvettes were thoroughly cleaned subse-
quently by Milli-Q purified water and pure ethanol and allowed to be fully dried for next
measurement.

The parameters settings of the fluorescence measurements were as follows: 495 nm ex-
citation, 1 nm excitation slit, 520 nm emission, 10 nm emission slit. Specifically, a 1 nm
excitation slit was chosen to reduce photobleaching of the dye molecules while a 10 nm emis-
sion slit guaranteed a proper signal level to be observed. The signal was collected from 0 to
5000 s with 0.5 s integration time and 3 s intervals. Kinetics measurements were repeated 3

times.

Data processing

The fluorescent signal was normalized with respect to the positive control (60nM fluorescently-
labelled strand) and the initial fluorescent signal at time t = 0, resulting in a time-dependent

fluorescent signal between 0 and 1.

_ _Fi—Fo
Fnorm - FmafoO .

The above equation describes the normalization procedure, in which F,.., represents the
normalized fluorescence; F; the raw fluorescence data; Fy the initial fluorescence prior to
mixing; and F,,,, the maximum achievable fluorescence, as indicated by the positive control.
The positive control consisted of observing the fluorescence change of 60 nM reporter strand
only for 5000 seconds. Note that subtraction of the first fluorescence measurement post-
initiation may introduce a source of error for very fast reactions. However, we do not observe
significant difference in the resultant rate constant through introducing such a normalization

method and for consistency we use this approach throughout this work. Based on these
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normalized fluorescent signals we observed that most of the experimental systems reached
equilibrium with fluorescent signal smaller than the maximum fluorescence predicted by the
positive control. Following the approach previously employed for DNA,® we introduced an
additional parameter «, which represents a scaling factor capturing the proportion of the
maximum fluorescence signal achieved at equilibrium. Thus, intuitively, « represents the

proportion of the ¢y = 60nM initial reporter concentration that actually reacted.

Data fitting

While different versions of fitting of TMSD reaction are considered in this paper (see Supp.

Mat.), a general case can be represented as below:

Invader + Gate ﬁ Incumbent + WasteB

Incumbent + Reporter Fren, Signal + WasteT

The reaction kinetics is assumed to be of second order and a notation for the related
reaction species is used as: Invader (V), Gate (G), Incumbent (I), Reporter (R) and Signal
(S). ke and kyep are therefore the rate constants for the displacements of the incumbent
by invader and the signal by incumbent respectively. The differential relation between each

reaction species can be modelled as follows:

% = —keg[V][G]

I = ke [V][G]
W _ g [V)[G] — keep T)[R]

G = —kep[T[R]

I = keep[1][R]

with initial conditions [I](0) = [S](0) = [R](0) = coar and others set to 0. The best-fit
krep and o parameters for the reporter characterisation experiments are determined (see
Supplementary Table S5 and Figure 3d) and subsequently with the known k., using the
outlined ODEs we fit values for k.g and a to match the measured fluorescent signal. We

constrain the upper and lower bounds log kyep, and log keg to 1 to 7 and 1 to 8, respectively.
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The fitting method employed here corresponds to the method adapted from Ref.® We tried
the method from?® (see Supplementary Table S6 and Fig. S7) for fitting as well. However,
the method from Ref.?® assumes that the reporter reaction is much faster than the original
strand displacement reaction, which is not fully justified for our system, hence we report

here the fits from sets of equations described above.
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