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ABSTRACT 

Nucleic acids are information-dense, programmable polymers that can be 

engineered into primers, probes, molecular motors, and signal amplification circuits for 

computation, diagnostic, and therapeutic purposes. Signal amplification circuits increase 

the signal-to-noise ratio of target nucleic acids in the absence of enzymes and thermal 

cycling. Amplification is made possible via toehold mediated strand displacement – a 

process where one nucleic acid strand binds to a nucleation site on a complementary 

helix, which then displaces one of the two strands in a nucleic acid complex. When 

compared to polymerase chain reactions (PCR), the sensitivity and stability of toehold-

mediated strand displacement reactions suffer from circuit leakage – reactions of the 

system in the absence of an initiator. Presented here, from a materials science and 

engineering perspective, defect engineering has improved the leakage performance of 

model strand displacement systems made from DNA. Engineered defects used in this 

study included mismatched base pairs and alternative nucleic acids – both of which are 

known to impact the stability of hybridization. 

To identify sources of leakage in a model signal amplification circuit, availability 

was defined as the probability that a DNA base (A.T.C.G) was unpaired at equilibrium. 

This design metric was calculated using NUPACK, a thermodynamic modeling tool. To 

further understand the relationship between leakage rates and secondary structures, 

mutual availability was defined as the sum of all pairwise products of the availabilities of 

the corresponding bases in solution. This thermodynamic analysis yielded rational design 
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principles for how to minimize leakage by as much as 4-fold by site-specifically 

introducing mismatched base pairs into DNA duplex regions. To further reduce leakage, 

chemically modified locked nucleic acids (LNAs) were site-specifically introduced into a 

model DNA strand displacement system. Briefly described, LNAs are geometrically 

restricted RNA analogues with enhanced thermo-mechanical stability towards their 

complement base. When compared to a DNA control with identical sequences, the 

leakage exhibited by a hybrid DNA/LNA system was reduced from 1.48 M-1s-1 (for the 

DNA system) to 0.03 M-1s-1. In addition, the signal-to-noise ratio increased ~50-fold for a 

similar hybrid system. 

This research provides insight into the sources of leakage in DNA strand-

displacement systems, as well as how to maximize strand-displacement performance via 

the selective introduction of hybridization defects. Rational design of future nucleic acid 

signal amplification circuits will lead to broader applications in a variety of fields that 

range from DNA computation to point-of-care diagnostics and therapeutics. 
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CHAPTER ONE: INTRODUCTION 

Prelude 

Nucleic acids are information-dense, programmable polymers that can be 

engineered into primers,1 probes,2, 3 molecular motors,4-6 and signal amplification circuits 

for computation,7, 8 diagnostic,9 and therapeutic purposes.10 Programming with nucleic 

acids is made possible by Watson-Crick hybridization.11 During hybridization, adenine 

(A) base-pairs with thymine (T), and guanine (G) base-pairs with cytosine (C) in DNA. 

In RNA, thymine is replaced by uracil (U). Once hybridized, two complementary 

oligonucleotides, with anti-parallel orientation, form a double helix. The stability of the 

double helix is dominated by base stacking between the aromatic rings. It is further 

stabilized by hydrogen bonds between complementary bases. For example, G-C base 

pairs have 3 hydrogen bonds while T-A base pairs have 2 hydrogen bonds.11 Although a 

very small structural difference, the type of nucleotide bases and the number of hydrogen 

bonds between the bases changes the thermo-mechanical performance of a double helix. 

For example, the stability and temperature-dependent behavior of any DNA duplex, from 

the knowledge of the base sequence, can be predicted by thermodynamic data.12, 13 

Because of known structure-property-performance relationships of nucleic acids, 

DNA can be rationally engineered into static and dynamic systems that include motifs,5, 7 

origami,14 bricks,15 and strand-displacement systems.16 Further understanding of their 

structure-property relationships is essential for improving their performance. As an 

aspirational goal, signal amplification circuits for low-cost and early stage diagnosis of 
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disease were targeted here. Briefly described, signal amplification circuits increase the 

signal-to-noise ratio of target nucleic acids in the absence of enzymes or thermal cycling. 

Signal amplification circuits are capable of: (1) linear single layer amplification, (2) 

quadratic feed-forward amplification, (3) exponential auto-catalytic amplification, and (4) 

exponential cross-catalytic amplification. When compared to natural polymerase chain 

reactions (PCR), the sensitivity and stability of toehold-mediated strand displacement 

reactions suffer from circuit leakage – reactions of the system in the absence of an 

initiator. 

Understanding and then suppressing circuit leakage is of paramount importance 

for the future development of dynamic DNA systems.17 Presented here, from a materials 

science and engineering perspective, defect engineering was used to improve the leakage 

performance of model strand displacement systems made from DNA. Engineered defects 

used in this study included mismatched base pairs and alternative nucleic acids – both of 

which are known to impact the stability of hybridization.18, 19 Listed below are select 

details about strand displacement systems that are essential for understanding and 

modeling their performance. 

1.1 Strand Displacement 

Strand displacement is the process by which one oligonucleotide displaces a 

second oligonucleotide that was originally hybridized to a third strand. The driving force 

for this reaction is an overall reduction in the Gibbs free energy – which is either 

dominated by an entropic increase or enthalpic decrease in the system.5, 16 For example, 

entropy-driven strand displacement systems can overcome a decrease in the number of 

base pairs so long as the number of components in the system increases. David Zhang’s 
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entropy-driven strand displacement system was shown to function with a reduction of up 

to eight base pairs.16 As an extension to strand displacement, toehold mediated strand 

displacement is the process where one oligonucleotide binds to a single-stranded 

nucleation site attached to a complementary double helix, which then displaces one of 

two strands in the complex. The kinetics of toehold mediated strand displacement is 

highly dependent on toehold length. For example, the rate constant varies 6 orders of 

magnitude for toeholds between 0 and 7 nucleotides (nt).20 To be able to monitor reaction 

rates at room temperature, toehold lengths often range between 5 and 10 nucleotides 

during experiments.4, 21 

1.2 Strand Displacement Tools 

In support of modeling strand-displacement, a kinetic model was originally 

proposed by Zhang et al. to correlate the hybridization energy to the displacement rates.20 

In support of conceptual understanding at a biophysical level, an intuitive energy 

landscape (IEL) model was then proposed by Srinivas et al.22. The IEL model reveals that 

four distinct steps are involved in toehold-mediated strand displacement: (1) toehold 

hybridization, (2) blunt end fraying, (3) nucleation of branch migration, and (4) branch 

migration.23 More recently, a coarse-grained molecular model for DNA (oxDNA) was 

developed that accounts for the geometric/steric effects of nucleotides, as well as their 

nearest neighbors effects.24-26 Using this model, thermodynamic and kinetic values that 

are related to strand displacement systems can be captured and visually communicated.26  

Quantifying secondary structures is essential for designing effective strand-

displacement systems such as non-enzymatic signal amplification circuits,16 catalytic 

hairpin assembly,27 and motors.4 Initially, the secondary structure of DNA was predicted 
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using Watson-Crick models28-30 that accounted for base pairing,31,32 mismatches,33-36 

dangling ends,37,38 bulges,39,40 coaxial stacking,41 and hairpin loops.42 After the systematic 

acquisition of thermodynamic parameters, computer algorithms such as NUPACK43,44 

and M-FOLD45 were then developed to analyze and visualize secondary structures of 

nucleic acids, as well as predict their minimum free energy structures. 

1.3 Dissertation Layout 

To identify sources of leakage in a model signal amplification circuit, availability 

was defined as the probability that a DNA base (A.T.C.G) was unpaired at equilibrium. 

This design metric was calculated using NUPACK in Chapter 2. To further understand 

the relationship between leakage rates and secondary structures, mutual availability was 

also calculated as the sum of all pairwise products of the availabilities of the 

corresponding bases in solution in Chapter 2. This thermodynamic analysis yielded 

rational design principles for how to minimize leakage by as much as 4-fold by site-

specifically introducing mismatched base pairs into DNA duplex regions. To further 

reduce leakage, chemically modified locked nucleic acids (LNAs) were site-specifically 

introduced into a model DNA strand displacement system in Chapter 3. Briefly 

described, LNAs are geometrically restricted RNA analogues with enhanced thermal 

stability towards their complement base. When compared to a DNA control with identical 

sequences, the leakage exhibited by a hybrid DNA/LNA system was reduced from 1.48 

M-1s-1 (for the DNA system) to 0.03 M-1s-1. In addition, the signal-to-noise ratio increased 

~50-fold for a similar hybrid system. 

Holistically, this research provides insight into the sources of leakage in DNA 

strand-displacement systems, as well as how to maximize strand-displacement 
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performance by the selective introduction of hybridization defects. Guidelines for how to 

rationally design future strand displacement systems made from DNA are summarized in 

Chapter 4. Applied to nucleic acid signal amplification circuits, these guidelines may lead 

to broader applications in a variety of fields that range from DNA computation to point-

of-care diagnostics and therapeutics.
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Abstract 

DNA strand displacement systems have transformative potential in synthetic 

biology. While powerful examples have been reported in DNA nanotechnology, such 

systems are plagued by leakage, which limits network stability, sensitivity, and 

scalability. An approach to mitigate leakage in DNA nanotechnology, which is applicable 

to synthetic biology, is to introduce mismatches to complementary fuel sequences at key 

locations. However, this method overlooks nuances in the secondary structure of the fuel 

and substrate that impact the leakage reaction kinetics in strand displacement systems. In 

an effort to quantify the impact of secondary structure on leakage, we introduce the 

concepts of availability and mutual availability and demonstrate their utility for network 
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analysis. Our approach exposes vulnerable locations on the substrate and quantifies the 

secondary structure of fuel strands. Using these concepts, a 4-fold reduction in leakage 

has been achieved. The result is a rational design process that efficiently suppresses 

leakage and provides new insight into dynamic nucleic acid networks. 

2.1 Introduction 

Nucleic acids are programmable materials because of their predictable Watson-

Crick base pairing1, 2 and well-documented thermodynamics,3-7 kinetics,8-13 and 

mechanics.14 In addition to static structures,15-19 dynamics can be programmed into 

nucleic acids by toehold-mediated strand displacement9, 20-22 — whereby kinetic barriers 

to strand exchange are lowered via short complementary sequences that bring 

components into proximity. Dynamic nucleic acid technology utilizes toehold-mediated 

DNA strand displacement (DSD) to construct: (1) nonenzymatic catalytic chemical 

reaction networks for isothermal signal amplification,23-26 (2) catalytic hairpin assembly 

for diagnostics, therapeutics, and theranostics,27, 28 (3) nanomachines9, 20, 29 and walkers30, 

31 for work and motility, (4) circuits for energy transport and logic,32, 33 and (5) networks 

for computation.34-37 Although they are compelling, these demonstrations are limited in 

the scale and complexity necessary for real-world applications by a single fundamental 

challenge: network leakage. Leakage refers to the production of an unwanted output in 

the absence of an input, and it is the Achilles’ heel of DSD systems, independent of the 

DNA/RNA system under consideration. The challenge of leakage must be overcome to 

achieve the device performance (i.e., speed, sensitivity, selectivity, stability, and 

scalability) necessary for broader adoption. 

2.1.1 Leakage Problem 
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By design, DSD systems are metastable networks designed to be set into 

operation by the addition of a specific single-stranded sequence that triggers the reaction. 

Leakage occurs when system components react in the absence of a trigger, and its effect 

undermines the performance of catalytic networks,24, 38 seesaw gates,36 catalytic hairpin 

assemblies,26, 39, 40 and hybridization chain reactions.25 Extrinsic sources of leakage, 

including chemical impurities, defective oligonucleotides, and malformed network 

components, can be minimized with careful processing.26, 41 In comparison, intrinsic 

leakage results from the design of the network, even if the components are perfect, and 

limits the ultimate DSD performance. 

Sources of intrinsic leakage may be understood by considering the catalytic 

reaction network from Zhang et al.24 illustrated in Figure 2.1a. In this representation, 

unique sequences are represented by labeled domains and complementary domains are 

denoted with asterisks (domain sequences are provided in Section. 2.8.1). This network 

consists of a three-strand substrate complex in which the “upper” signal and output 

strands occupy domains of the lower backbone strand. Briefly, network operation is 

designed to be triggered by a single-stranded catalyst strand, that hybridizes with an 

exposed backbone toehold (y*) and initiates three-way branch migration, to displace the 

signal strand and expose a sequestered backbone toehold (3*). The catalytic cycle is 

completed by a similar process with the fuel strand reacting with the backbone to displace 

the output strand, the original catalyst, and form a waste product, as illustrated. As the 

end of a cycle results in no gain or loss of base pairs, this network is driven forward 

thermodynamically by a net gain in entropy. 
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In this network, leakage occurs when the substrate and fuel react to produce signal 

in the absence of catalyst. This leakage reaction depends on successful nucleation of 

strand invasion by the fuel strand in the absence of an intended toehold. Fuel and 

substrate must bump into one another favorably, meaning that key bases must have some 

chance to interact and nucleate. Once nucleated, the leakage reaction proceeds through a 

branch migration process until strand invasion is complete. In this process, under the 

conditions reported here, nucleation is the rate-limiting step for the leakage reaction.8, 11, 

42 Example leakage reactions are shown in Figure 2.1b. 

 
Figure 2.1. Domain representation of the catalytic DNA strand displacement 

system from Zhang et al.24 and four example leakage pathways. (a) In the catalyzed 

strand displacement pathway of the reaction network, a catalyst strand initiates a 

reaction cycle driven forward thermodynamically by a net gain in entropy. The 

strand displacement exchanges the catalyst for the signal strand and exposes a 

sequestered toehold on the substrate backbone for the fuel, which reacts with the 

intermediate to complete the cycle and form a waste duplex. Sequences and domains 

are listed in Section. 2.8.1 (b) In the four leakage pathways, the fuel reacts with the 

substrate backbone in the absence of a catalyst by exploiting fraying at the 5', nick, 

and 3' locations of the substrate. 
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2.1.2 Thermal Fluctuations in DNA 

Although often considered to be a zero toehold strand displacement event,43 

intrinsic leakage reactions are enabled by transient toeholds created via thermal 

fluctuations at the ends of the substrate and at the nick between the output and signal 

strands. Breathing refers to the spontaneous dissociation of individual base pairs in the 

interior of the duplex, and fraying is dissociation of the terminal base pairs (at the duplex 

ends or nicks). Studies of base pair fluctuations indicate that at room temperature the 

terminal base pairs are 50% open and the penultimate bases (one base pair from the end 

of the duplex) are 10-20% open, whereas the fraction of open interior base pairs is ~10-6 

with an open lifetime of ~0.1 µs.44-46 Additionally, single-stranded DNA overhangs 

(toeholds or specificity domains, such as domains y*and 9a in Figure 2.1a) increase the 

stability of the neighboring duplex base pairs, but they do not prevent fraying.44 Thus, 

fraying of two base pairs at the ends and nick point of the substrate duplex is expected to 

be the dominant leakage mechanism. These vulnerable regions are highlighted in Figure 

2.2a. 

Leakage caused by fraying, when compared to toehold invasion, is approximately 

4-6 orders of magnitude slower.11 Even this small leakage drastically limits the scalability 

of feed-forward, cross-catalytic, and autocatalytic networks, where fuel invasion will 

unintentionally release the catalyst of the coupled networks. Thermal fluctuations such as 

fraying have long been suspected as the source of intrinsic leakage, and strategies to 

suppress it include (1) careful sequence and domain design such as using GC pairs at the 

fraying locations,24 (2) use of proper reaction conditions,47 (3) introduction of buffer or 

clamp domains that are absent from fuel strands for GC rich sequences,36, 40 (4) 
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sequestration of domains in hairpin structures,48 (5) using extremely pure DNA strands 

made in bacteria,26 (6) incorporation of mismatches,39 and (7) novel domain level 

redundancy.49 While each of these approaches has shown some effect, a clear set of 

design rules have not emerged for consistently and efficiently reducing leakage. 

 
Figure 2.2. (a) Sequence and domain representation of the substrate with fraying 

locations highlighted. (b) Sequence and domain representation of the original fuel 

strand. Corresponding to the fraying locations of the substrate, the locations of fuel 

base mismatches are numbered, highltighted, and shown in bold font. They are 

5' end (bases 1 and 2), nick (bases 24 and 25), and 3' end (bases 43 and 44). (c) 

Leakage rate constants for fuel modifications. The concentrations for leakage 

reactions are fuel (1300 nM ), substrate (14 nM), and reporter (20 nM). The 

black bar represents the leakage rate with the original fuel strand. Pink, orange 

and blue bars represent leakage rates for fuels with 1 and 2 nt modificaitons at 

5', nick, and 3' locations, respectively. The rates are labeled by the identity of 

the modified base and its location on the fuel (see panel (b) for locations and 

originial base idenities). For example, G1T2 indicates that base 1 was changed 

from C to G and base 2 was changed to C to T. Error bars show the standard 

deviation from the mean for select samples in triplicate to estimate 

experimental error. 
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2.1.3 Insight from Secondary Structure 

While previous studies have targeted the location and thermodynamic cost of 

mismatches in strand displacement systems,39,50 design principles such as mismatch 

positions, mismatch numbers, and mismatch identities for suppressing leakage have not 

emerged. Importantly, base pair mismatch modifications also change the ensemble of 

DNA secondary structures, which can impact their nucleation and branch migration 

rates.51, 52 Here, we report a systematic investigation of the effects of mismatches on 

intrinsic leakage suppression and network performance using the network shown in 

Figure 2.1. All one and two base-pair mismatches produced by fuel strand sequence 

modifications were characterized at the 5', 3', and nick locations (see Figure 2.2a,b) by 

measuring the reaction rates of uncatalyzed (leakage) and catalyzed reactions using 

fluorescence photometry. These locations are related to locations on the substrate where 

fraying is expected to occur and enable nucleation between the backbone and fuel in the 

absence of catalyst. The results were analyzed on the basis of the mismatch identity, 

mismatch position, mismatch numbers, and the secondary structure of the fuel strands. To 

quantify the effects of secondary structure on leakage rates, we calculated the probability 

that a base is unpaired at equilibrium using NUPACK,7, 53 as discussed below. We define 

this probability as the availability of a base and introduce availability as a design concept 

for analyzing and engineering the stability of DNA reaction networks. To further 

understand the relationship between leakage rates and secondary structures, we define 

total mutual availability as the sum of all pairwise products of the availabilities of 

corresponding bases between fuels and the backbone. Taking consideration of both 

mismatches and secondary structure provides a more complete analysis of leakage 
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suppression, and inclusion of the availability and mutual availability during our analysis 

provides insight toward rational design principles for minimizing leakage. 

2.2 Results and Discussion 

2.2.1 Effect of Mismatch on Leakage Rate Constants 

The leakage data for each fuel modification were fit with a second-order kinetics 

model to extract the leakage rate constant, kleak (Section 2.8.3), and the results are shown 

in Figure 2.2c. The largest leakage suppression was observed for fuel modifications that 

created two mismatches at the 5' end of the fuel (bases 1 and 2) and one or two 

mismatches at the nick in the substrate (base 25 and/or bases 24 and 25). While these 

locations showed consistent leakage suppression, no clear pattern between mismatch base 

identities and leakage rates emerged. For example, G-A and G-T mismatches show no 

suppression at base 1 and a factor of 2 suppression at base 25, whereas a G-G mismatch 

reduces leakage in both locations despite the fact that G-G mismatches have a lower 

energy penalty than other G or C mismatches when placed within a DNA duplex.6 While 

the G-G mismatch consistently reduces leakage at bases 1, 2, and 25, no clear impact 

from mismatch identity is observed for bases 43 and 44. Although excess fuel in solution 

could interfere with leakage from the 3' end of the fuel (at the toehold of the substrate 

backbone; see Section 2.8.4), the data indicates that mismatch identity alone or an 

associated energy penalty does not ensure leakage suppression. 

2.2.2 Availability 

Beyond mismatch identity, key insight into leakage suppression can be gained by 

analysis of the secondary structure ensembles of the original and modified fuels. While 

domain level designs assume the fuel to be purely single-stranded, thermodynamic 
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analysis using NUPACK reveals a range of secondary structures. The minimum free 

energy (MFE) structures are shown in Figure 2.3a and have a moderate level of base 

pairing between six nucleotides of the fuels. Although the MFE structures indicate base 

pairing between bases 5-23, 6-22, 7-21 for all but one (G25) fuel sequence, the probability 

of pairing is affected by the modifications at bases 1, 2, 24, 25, 43, and 44. The MFE 

structures for all fuels are provided in Section 2.8.5. G25 indicates base 25 was changed 

from C to G. More generally, the letter denotes the base identity and the number denotes 

the base position from 5' end of the fuel. While the MFE structures are color-coded by the 

probability for being in the particular MFE structure shown, greater clarity is obtained by 

plotting the availability for each base in the fuel sequences, as shown in Figure 2.3b, c 

(lower plots). We define availability as the probability that a base is unpaired at 

equilibrium, and it quantifies the per-base effects of the ensemble of a sequence’s 

secondary structures. Availability is calculated by NUPACK from the predicted 

secondary structure ensemble lacking pseudoknots and interactions of mismatched base 

pair.7, 53 Modifications to the fuel strand alter the availability of the bases since each 

sequence has a unique ensemble of secondary structures. Figure 2.3b, c (lower plots) 

shows the changes in base availabilities for modified fuel strands relative to the original 

fuel sequence. NUPACK calculations were performed using the following 

parameters: (1) 25 °C operating temperature, (2) 0.05 M Na+ and 0.0115 M Mg2+ 

ion concentrations, (3) 14 nM substrate component concentrations, allowed 

complex size of 3, (4) 1.3 μM fuel concentration, allowed complex size of 2, and 

(5) dangles set to “all” in all cases to account for single stranded tails. 
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Consistent with the MFE structures shown in Figure 2.3a, the availabilities of fuel 

bases 5, 6, 7, 21, 22, and 23 range between 0.1 and 0.6. However, several other bases 

have availabilities less than 1, which influences the probability of those bases nucleating 

a leakage reaction. Additionally, availability calculations exhibit subtle changes for 

modified fuel strands (Figure 2.3b, c) that have a large impact on leakage and are not 

limited to the modified bases. For example, the availabilities of several bases were 

considerably different between the original fuel and the G1T2 fuel (Figure 2.3b), 

especially for bases 1-4 and bases 13-18, which show a drop and bases 21-23, which 

show a rise. While most modifications decreased availability for certain bases or left 

them nearly unchanged (for example A1A2; Figure 2.3b), the C24 fuel modification 

increased the availability of several bases when compared to that of the original fuel 

(Figure 2.3c) and exhibited the highest leakage rate measured (Figure 2.2c). The base 

availabilities for all fuel modifications are provided in Section 2.8.6 and are ordered in 

terms of leakage rate in Figure 2.10. This clearly shows the positive correlation between 

lower fuel base availability and lower leakage rate. 

To fully exploit the concept of availability for understanding the source of 

leakage, the availability of the bases of the substrate backbone must also be considered 

because both fuel and backbone bases must be available simultaneously for nucleation to 

occur. Figure 2.3d, e shows the MFE structure of the substrate and availability of the 

backbone bases. Ideally, the backbone would have zero availability within double-

stranded domains (bases 1*-44*) and unity availability at the toehold (bases 45*-50*). 

However, the availabilities are ~0.1 at base 1*, ~0.24 at base 24*, and ~0.23 at base 25*, 

indicating that the substrate is vulnerable to leakage at these locations (i.e., nucleation 
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with bases 1, 24, and/or 25 of the fuel strands). Thus, in the context of the substrate, 

availability quantifies the degree of fraying or breathing of the duplex bases. 

2.2.2.1 Base Modifications at the 5' End of the Fuel 

Given that bases 1*, 24*, and 25* of the substrate backbone are most vulnerable to 

leakage, fuel modifications that reduce availability for fuel bases 1, 24, and 25 can be 

expected to exhibit the lowest leakage, and this is shown to be the case. For example, 

leakage was suppressed for the G1, G1T2, and G1G2 fuel modifications. The G1 leakage 

drop corresponds to a 5% reduction in the availability of bases 1 and 2 (Section 2.8.6). In 

addition, the availability of bases 1 and 2 of G1T2 decreased 40%, whereas for G1G2, the 

availability of bases 1 and 2 decreased 40 and 54%, respectively (Figure 2.3b and Section 

2.8.6). These modified fuels yielded a 4-fold reduction in leakage when compared to that 

of the original fuel strand. In contrast, the base availabilities in A1, T1, and A1A1 strands 

are nearly identical to the original fuel strand (Figure 2.3b and Section 2.8.6), and their 

leakage suppression was minimal. Here, the changes in availability for single bases on 

the modified fuel strands provide a compelling explanation for the variation in leakage 

rates. 

2.2.2.2 Base Modifications at the 3' End of the Fuel 

The low availabilities at backbone bases 43* and 44* imply a lack of fraying that 

would be expected to minimize the impact of changes in the availabilities of fuel bases 43 

and 44 at the 3' end of the fuels. This hypothesis is consistent with the uniform and 

relatively minor leakage reductions for fuels with reduced availabilities at bases 43 and 

44, such as T43T44 and G43T44 (Section 2.8.6). However, the data for leakage at bases 43* 

and 44* are confounded by spurious hybridization of the fuel’s y domain with the y* 
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toehold domain of the substrate (bases 45* to 50*). This hybridization causes the x 

domain of both the fuel strand and the signal strand to compete to bind with the x* 

domain of the substrate (Section 2.8.4). The competition is expected to be significant 

since the fuel is at 100x excess concentration. This spurious hybridization is expected to 

sterically hinder leakage at bases 43* and 44* of the backbone and is likely an important 

factor in the lack of variation in the leakage rate for base modifications at the 3' end of the 

fuel strand. 
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Figure 2.3. Minimum free energy (MFE) structures and base availabilities for 

select fuel strands and the substrate backbone. (a) MFE structures of the original fuel 

strand and fuel modifications A1A2, G1T2, G1G2, and C24 calculated by NUPACK. The 

Gibbs free energy of each structure is provided in units of kcal/mol. (b) Base 

availabilities for the original fuel and fuel modifications A1A2, G1T2, and G1G2 

(upper plot) and the differrence in base availabilities (ΔA) for each modification 

relative to the original fuel (lower plot). (c) Base availabilities for the original 

fuel and fuel modification C24 (upper plot) and the difference in availability 

relative to the original fuel (lower plot). (d) MFE structure of the substrate 

calculated by NUPACK. (e) Availability of each base in the backbone strand of 

the substrate. Because the fuel strand hybridizes with the backbone strand on 

the substrate, the base positions of the backbone strand were plotted on the x 

axis and labeled to correspond to the complement of the fuel strand. 
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2.2.2.3 Base Modifications of the Fuel at the Nick Location 

Base 24* and base 25* on the substrate backbone have high availabilities, which 

suggests a greater degree of fraying (Figure 2.3e). Consistent with this expectation, all 

fuel mismatch modifications at base 25 were observed to suppress the leakage rates. We 

attribute the reduced leakage for mismatch modifications at fuel base 25 to the lower 

availabilities at base 25 for the modified fuels compared with the original fuel. For 

example, availabilities at base 25 for A25, T25 and G25 were reduced from 21% to 62% 

and the leakage was reduced from 49% to 68% compared with original fuel. A similar 

correlation between availability and leakage rate was observed for mismatch 

modifications at fuel base 24. The single base mismatch at fuel base 24 reduced the 

leakage for T24, for which the availability of base 24 decreased by 72%. The leakage 

nearly doubled for C24, which exhibited a 16% higher availability for base 24. Lastly, no 

change in leakage rate was observed for A24, for which the base 24 availability increased 

by 9%. An additional factor in the increased leakage observed for C24 may stem from its 

increased availability at several bases when compared to the original sequence (Figure 

2.3c). An increase in availability corresponds to a decrease in secondary structure, which 

then lowers the activation energy for nucleation between fuel and substrate. For further 

consideration, an analysis of base availability in the context of the intuitive energy 

landscape model of Srinivas et al.11 is provided in Section 2.8.7. 

2.2.3 Mutual Availability 

On the basis of the above observations, base availability is a potentially powerful 

new design tool with base-specific resolution. In our qualitative explanations, we focused 

on the separate availabilities of the bases of the fuel or substrate backbone strands. 
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However, as noted above, leakage reactions require nucleation of these strands with each 

other. To analyze the combined effects of the availabilities of bases from both strands and 

to find a quantifiable correlation, we define and analyze a mutual availability (mij) and 

total mutual availability (M). The mutual availability is simply the product of the 

availabilities of any two bases, defined as 𝑚𝑖𝑗 = 𝑃𝐹(𝑖) ⋅ 𝑃𝐵(𝑗), where PF(i) is the 

availability of base i of the fuel strand and 𝑃𝐵(𝑗) is the availability of base 𝑗 of the 

backbone strand within the substrate complex. The total mutual availability is 

defined as 𝑀 = ∑ (𝑚𝑖𝑖∗)𝑖 = ∑ (𝑃𝐹(𝑖) ⋅ 𝑃𝐵(𝑖∗))𝑖 , where i indexes the complementary 

base pairs in the fuel-substrate waste product in correct registration. In other 

words, 𝑖∗ is the base position of backbone strand that matches the complementary 

position i of the fuel strand. 

For nucleation to occur, key bases of the fuel and backbone must be available to 

hybridize. Total mutual availability, M, as defined above, provides a quantitative metric 

for analyzing fuel and substrate sequence interactions. To assess whether M could be 

correlated with leakage rate, Figure 2.4a plots leakage rates versus the calculated values 

of M for all fuel sequence modifications. On the basis of the apparent exponential 

dependence, the natural log of the leakage rate constant is plotted versus M in Figure 2.4b 

and is colored coded by 5', 3', and nick modifications of the fuel. Select experiments were 

repeated in triplicate, and the scatter of the data is greater than the experimental error. 

Error bars represent the standard deviation of the mean. 
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Figure 2.4. (a) Leakage rate constants for each fuel modification plotted versus 

total mutual availability between the fuel strand and the backbone strand on the 

substrate. The leakage rate for the original fuel is shown in black while the 5' 

end, nick and 3' end fuel modifications are shown in blue, green and orange, 

respectively. Representative error bars of select samples are shown, indicating 

that the scatter of the data is greater than the experimental error. Error bars 

represent the standard deviation of the mean of three samples. (b) Natural log 

plot of the leakage rate constant versus the total mutual availability. The green, 

and blue lines are the fits for the nick modifications, 5' end modifications. 

Linear fits to the data are provided as guides to the eye. The 5' and nick 

modifications exhibited linear trends and were fit individually. Given the near zero 

availabiity of base 44* of the backbone, 3' fuel modifications had very little impact on 

total mutual availability. The nick fuel modifications and their corresponding fit are 

depicted in green and have a slope of 2.87 with an adjusted R2 value of 0.50. 5' fuel 

modifications and their corresponding fit are depicted in blue and have a slope of 18.26 

with an adjusted R2 of 0.81. These results support the correlation of leakage rate with 

total mutual availability. While the primary discussion here is focused on single location 

fuel modifications, multiple location modifications (e.g., 5' and nick locations) further 

reduced the leakage rate to an almost undetectable level (about 100-fold), which are 

presented and discussed in Section 2.8.8. These data provide further support for total 

mutual availability as a metric for leakage. 



27 

 

 

The leakage rate constant appears to be exponentially related to the total mutual 

availability of the fuel and substrate backbone, suggesting that M may be related to a 

nucleation activation energy barrier. However, our data does not distinguish between 

barriers to nucleation and branch migration nor can they identify the critical nucleus for 

leakage to proceed. The scatter in Figure 2.4 may result from the incompleteness of our 

mutual availability model, which does not include branch migration steps, and limitations 

in total mutual availability as a measure of nucleation barriers. For example, NUPACK 

does not include pseudoknots, G-quartets, nick overhangs, and the coaxial stacking 

parameter into its calculations. Additionally, base availability, as defined, does not 

include tertiary nucleic acid structure. The correlation between the leakage rate constant 

and total mutual availability also needs careful consideration. For example, as the number 

of fuel mismatches increases, the leakage rate approaches zero, and the reaction stalls 

because of a lack of thermodynamic driving force. In comparison, when the total mutual 

availability is high, an effective toehold is formed, and the nucleation barrier is reduced, 

which means diffusion is the rate-limiting factor. The relationship between M and the 

leakage rate constant is thus constrained by these limits. 

2.2.4 Catalyzed Reactions 

It has generally been observed that the rate constants between catalytic reactions 

and leakage reactions are coupled. It has been shown that when leakage rates were 

reduced by introducing mismatches, catalytic rates were also decreased or maintained.39 

Likewise, here we also found that some fuel mismatch modifications maintained the 

original catalytic rate while decreasing the leakage rates. The kinetics data of each fuel 

modification were fit with a third-order kinetics model with a steady-state approximation 
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to extract the catalyzed rate constant, kcat (Section 2.8.3). Catalyzed rate constants ranged 

3 orders of magnitude for the fuel modifications and are plotted in Figure 2.5. 

The effect of fuel sequence modifications on the catalyzed reactions can be 

understood via the reaction mechanism. The modification positions play a critical role in 

the catalyzed reaction as discussed further in Section 2.8.8 and 2.8.9. In Figure 2.5, trends 

can be observed by grouping the modification positions of the fuel strand at the 5' end 

(bases 1 and 2) with base 24 of the nick, and at the 3' end (bases 43 and 44) with base 25 

of the nick. As expected from the reaction mechanism shown in Figure 2.1, mismatches 

at base 25 of the nick location have the greatest impact because it affects fuel 

hybridization with the intermediate (I3), followed by mismatches at the 3' end that 

impede catalyst release. Fuel modifications at the 5' end and base 24 of the nick locations 

have minimal impact on the catalytic rate. A strategy to speed up the catalytic reaction is 

to increase the toehold length by deleting one nucleotide at the 5' end of the catalyst 

(Section 2.8.8). This strategy has desired effects for the fuels with modification at base 25 

whereas it has a counter effect for other fuel modifications. 

Since one catalytic reaction cycle in this system has many intermediate steps 

including toehold exchange, toehold-mediated strand displacement, and spontaneous 

toehold dissociation, the correlation between the overall catalytic rate constant and the 

total mutual availability of the catalyzed reaction was not studied in this work. 
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Figure 2.5. Rate constants of catalyzed reactions between the catalyst (1 nM), fuel 

(13 nM ), substrate (14 nM), and reporter (20 nM) monitored via fluorescence. The 

black bar represents the original fuel strand. Pink, orange and blue bars 

represent 1 nt and 2 nt modificaitons at 5', nick, and 3' locations, respectively. 

Error bars show the standard deviation from the mean for select samples in 

triplicate to estimate experimental error. 

2.2.5 System Performance 

An ideal DNA strand displacement system would have elevated selectivity to the 

catalyst, sensitivity to the catalyst, high catalytic turnover (high kcat), stability in the 

absence of the catalyst (low kleak), and scalability because of suppressed crosstalk and 

leakage. Thus, as a practical metric for the performance of the system, we use the ratio, 

kcat/kleak. The larger the ratio, the greater will be the capacity to distinguish a response to 

the catalyst from the background leakage. 

Given that the leakage rate is strongly coupled to the catalytic rate for fuel 

sequence modifications at bases 25, 43, and 44, the suppression of the catalytic reaction 

reduced performance more than leakage suppression increased it. Locations of strong 

coupling between catalytic rate and leakage rate can be considered to be limitations of 

intrinsic leakage suppression; they are a result of the domain design of this system and 

will be different for other domain level designs. Modifications at base 24 had no net 

benefit due to the low availability of the substrate at this location. Improvements in 
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performance came from introducing sequence mismatches at the 5' end of the fuel (bases 

1 and 2), where leakage and catalytic reaction rates are decoupled. As measured by the 

kcat/kleak ratio, the G1T2 fuel modification has the best performance overall (Section 

2.8.10). This modification targeted the vulnerability at base 1* of the backbone strand due 

to nonzero availability. It reduced the leakage reaction rate by a factor of 4 but 

maintained a catalytic rate close to the original fuel strand (Figure 2.6a). 

In the literature, mismatch modifications have shown more dramatic 

improvements to leaky systems and systems using low-quality strands. Mismatches in 

Jiang et al.’s DNA catalytic hairpin design with large leakage showed 25-fold 

improvements in signal-to-background ratio compared with that of the original hairpins.39 

By contrast, Bhadra et al.’s optimized RNA catalytic hairpin system shows only 7-fold 

leakage reduction, without disturbing the catalytic reaction rate, by introducing mismatch 

modifications. However, when using unpurified RNA strands in this system, a 13-15-fold 

reduction in the leakage is observed when compared to that of the control.54 Zhang et 

al.’s system was optimized and purified, having an intrinsic leakage rate of only ~8 M-1s-

1. This work demonstrates that a 4-fold leakage reduction in this system can be achieved 

while leaving the catalyzed reaction rate nearly unchanged. Mismatches at substrate 

fraying locations reveal the power of availability to influence circuit performance. 
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Figure 2.6. (a) Ratio of the catalyzed to leakage reaction rates (kcat /kleak) for single 

location fuel modifications to evaluate overall system performance. Catalyzed 

reactions were performed with the catalyst (1 nM), fuel (13 nM ), substrate (14 

nM), and reporter (20 nM), monitored via fluorescence, and uncatalyzed 

leakage reactions were performed with fuel (1300 nM), substrate (14 nM), and 

reporter (20 nM). The black bar represents the original fuel strand. Pink, 

orange, and blue bars represent 1 and 2 nt modificaitons at 5', nick, and 3' 

locations, respectively. Error bars show the standard deviation from the mean 

for select samples in triplicate to estimate experimental error. (b) 

Representative fluorescence data of catalytic reactions: the original fuel (empty 

black circles), G1T2 modified fuel (empty red triangles), C24T25 modified fuel 

(yellow diamonds), and G43A44 modified fuel (empty blue stars). (c) 

Representative fluorescence data of leakage reactions: the original fuel (solid 

black circles), G1T2 modified fuel (solid red triangles), C24T25 modified fuel 

(solid yellow diamonds), and G43A44 modified fuel (solid blue stars). The gray 

lines are the calculated fits to each curve, and the solid blue and purple lines 

represent reactions between the reporter and the original fuel and the reporter 

and the substrate, respectively. 
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2.2.6 Analysis of Other Networks 

The concept of mutual availability is expected to apply to other network designs 

as well. In an effort to validate the mutual availability concept with another network 

design, we analyzed a hairpin design from Jiang et al.39 This study provided sufficient 

data to apply an analysis of total mutual availability, and we estimated the rate constants 

for the hairpin design, as described in Section 2.8.11. Even though the total mutual 

availability values vary relative to the Zhang et al. network, the observed trend is the 

same, even in a different buffer. The results provide compelling support for the validity 

of mutual availability as a metric for sequence-level network analysis and design. 

2.3 Conclusion 

The effects of base-pair mismatches on leakage suppression and total network 

performance were systematically investigated using the well-established catalytic 

reaction network from Zhang et al.24 Fuel modifications at the 5', 3', and nick locations 

were chosen because they correspond to vulnerable substrate locations where 

nucleation often occurs. Qualitatively, availabilities of the substrate and the fuel 

strand bases were found to correspond well to observed trends in the leakage rate 

data. Quantitatively, a trend between the total mutual availability and the leakage 

rates was observed regardless of mismatch identities, mismatch numbers, and 

mismatch locations. This work suggests availability and mutual availability as design 

concepts for optimal performance of nucleic acid reaction networks. 

Future work can further explore the correlation between the total mutual 

availability and the activation energy, aiming at a more detailed model of leakage 

mechanisms. In addition, the correlation between the overall catalytic rate constant (kcat) 
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and the total mutual availability of the catalyzed reaction should be studied to allow 

predictions of the practical metric for the performance of the system (kcat/kleak). This study 

also leaves room for refinement against other interactions that NUPACK does not 

calculate, such as G-quartets, mismatched interactions, pseudoknots, and geometric 

constraints. With improved design metrics and refined design tools, nonenzymatic 

amplification systems can be used as amplifiers for diagnostics, and nucleic acid 

chemical reaction networks will become more robust tools for theranostics, molecular 

computation, and synthetic biology. 

2.4 Methods 

2.4.1 Chemicals and DNA Complex Purification 

Solvents and chemicals were purchased from Sigma-Aldrich unless 

otherwise noted. DNA oligonucleotides were synthesized and purified with high-

performance liquid chromatography by Integrated DNA Technologies (IDT). 

Reporter strands were labeled with 5' fluorophores (TET) and 3' Iowa Black dark 

quenchers (IABkFQ) by IDT. Oligonucleotides were prepared in 1x TE buffer (10 

mM Tris–HCl, pH 8.0, 1 mM EDTA, diluted from 100x TE). Final stock 

concentrations (100 μM) were confirmed by measuring the 260 nm absorbance 

(Eppendorf Biophotometer) using extinction coefficients provided by IDT. 

TAE buffer (10x; 40 mM Tris, 40 mM acetate, 1 mM EDTA) was 

purchased from Hoefer or Fisher Science and then mixed with 125 mM 

Mg(C2H3O2)2·4H2O. DNA components were diluted to 30 μM in 1x TAE buffer 

with 12.5 mM Mg2+. DNA components were annealed at 95 °C for 5 min using a 
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thermocycler (Eppendorf Mastercycler Nexus Gradient) and cooled to room 

temperature over ~90 min to form Substrates and Reporters. 

Substrate and Reporter complexes were purified by native polyacrylamide 

gel electrophoresis (N-PAGE). To eliminate malformed substrates, fuel and 

substrate were stoichiometrically incubated at 15 μM for 1 h at room temperature 

before loading the gel. The loading buffer contained a 1:1 ratio of bromophenol 

blue dye and ficoll solution (type 400, 20% water). Substrates were purified by N-

PAGE in 14% acrylamide gels (made from 30% acrylamide bis solution in a 29:1 

ratio), which were run at 150 V for 7 h. Reporters were also purified by N-PAGE 

in 10% acrylamide gels, which were run at 150 V for 2 h. For both processes, the 

cooling system (VWR International) was set to 20 °C. 

The bands of interest were cut out of the gels and eluted in 1x TE/Mg2+ 

buffer for 2 days at 4 °C. The buffer included 1x TE with 12.5 mM MgCl2·6H2O 

(Acros Organics) added.  

Because Mg2+ binds to EDTA, the effective Mg2+ concentration was 

estimated to be 11.5 mM.24 Substrate and reporter concentrations were quantified 

via measuring absorbance at 260 nm and calculated using extinction coefficients 

predicted by nearest-neighbor models (Section 2.8.2).36, 55 Typical yields were 30% 

for the substrate and 50% for the reporter. 

2.4.2 Spectrofluorimetry 

All experiments were carried out in 1x TE/Mg2+ buffer with a total volume 

of 1 mL in 4 mL disposable methacrylate cuvettes (Fisher Scientific) at 25 °C. 

DNA stock solutions were normally diluted to 2 μM before being added to each 
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sample. A poly-T strand (dT20) was added into all dilute stock samples (1 μM and 

lower) to reach a final concentration of 1 μM and prevent DNA loss via 

nonspecific binding to the microfuge tubes and pipet tips.24 All solutions were 

gently mixed by pipetting. 

Fluorescence intensity versus time was measured via fluorescence 

spectrophotometers (Agilent Technologies, Cary Eclipse). Sample solutions were 

excited at 510 nm, and the emission was measured at 538 nm. Slit sizes used were 

2.5 nm for excitation and 10 nm for emission. Fluorescence was normalized so that 

1 normalized unit (a.u.) of fluorescence corresponded to 14 nM (the substrate 

concentration) for leakage reactions and 13 nM (the fuel concentration) for 

catalyzed reactions. 

2.4.3 Reaction Measurements 

For leakage reactions, the fluorescence intensity was continuously 

monitored for the first 12 h (shown in Figure 2.6c) with the samples maintained at 

25 °C and then periodically measured until the reaction reached completion at 

room temperature (~21.5 °C). Substrate (14 nM) and reporter (20 nM) were reacted 

with ~100-fold excess of the fuel strands (1300 nM) to expedite leakage reactions and to 

extract intrinsic leakage specific to fuel and substrate interaction. Reaction between 

substrate and reporter was undetectable under this condition (Figure 2.6c). With the 

assumption that extrinsic leakage dominates at shorter times and intrinsic leakage 

dominates at longer times,26 leakage was measured over the long term to extract intrinsic 

effects. For catalyzed reactions, the catalyst (1 nM), fuel (13 nM ), substrate (14 nM), and 

reporter (20 nM) were reacted for 10 h (Figure 6b). During the experiments, substrate 
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reactions were inferred by monitoring the production of signal strand through its reaction 

with the reporter (Section 2.8.1). 
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2.7 Supplementary Information 

2.7.1 Strand sequences 

Table 2.1 Substrate and catalyst sequences and schematic 

Name Sequence (5' to 3') 

Signal CCACATACATCATATTCCCTCATTCAATACCCTACG 

Output CTACTTTCACCCTACGTCTCCAACTAACTTACGG 

Backbone TGGAGACGTAGGGTATTGAATGAGGGCCGTAAGTTAGTTGGAGACGTAGG 

Catalyst CATTCAATACCCTACGTCTCCATACTTATTAGCC 

1 nt deletion catalyst ATTCAATACCCTACGTCTCCATACTTATTAGCC 

 

Table 2.2 Reporter sequences and schematic 

Name Sequence (5' to 3') 

TET /5TET/CCACATACATCATATTCCCT 

Quencher TTGAATGAGGGAATATGATGTATGTGG/3IABkFQ/ 

 

 
Figure 2.7. Schematic of the substrate complex (a) and the network for reporting 

the presence of single-stranded Signal strands (b). 

Table 2.3 Fuel sequences  

 Fuel Sequence (5' to 3') MFE(kcal/m

ol) 

Unmodified Orignial CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

5' end 

modificatio

ns 

A1 ACTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

T1 TCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

G1 GCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

A1A2 AATACGTCTCCAACTAACTTACGGCCCTCATTCAATAC

CCTACG 

-1.81 

A1T2 ATTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

A1G2 AGTACGTCTCCAACTAACTTACGGCCCTCATTCAATAC

CCTACG 

-1.81 

5' end 

modificatio

ns 

T1A2 TATACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

T1T2 TTTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 
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T1G2 TGTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

G1A2 GATACGTCTCCAACTAACTTACGGCCCTCATTCAATAC

CCTACG 

-1.81 

G1T2 GTTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACG 

-1.81 

G1G2 GGTACGTCTCCAACTAACTTACGGCCCTCATTCAATAC

CCTACG 

-1.81 

Nick 

location 

modificatio

ns 

A24 CCTACGTCTCCAACTAACTTACGACCCTCATTCAATACC

CTACG 

-2.20 

T24 CCTACGTCTCCAACTAACTTACGTCCCTCATTCAATACC

CTACG 

-2.51 

C24 CCTACGTCTCCAACTAACTTACGCCCCTCATTCAATACC

CTACG 

-1.47 

A24A25 CCTACGTCTCCAACTAACTTACGAACCTCATTCAATACC

CTACG 

-2.20 

A24T25 CCTACGTCTCCAACTAACTTACGATCCTCATTCAATACC

CTACG 

-2.20 

A24G25 CCTACGTCTCCAACTAACTTACGAGCCTCATTCAATACC

CTACG 

-2.20 

T24A25 CCTACGTCTCCAACTAACTTACGTACCTCATTCAATACC

CTACG 

-2.99 

T24T25 CCTACGTCTCCAACTAACTTACGTTCCTCATTCAATACC

CTACG 

-2.66 

T24G25 CCTACGTCTCCAACTAACTTACGTGCCTCATTCAATACC

CTACG 

-3.04 

Nick 

location 

modificatio

ns 

C24A25 CCTACGTCTCCAACTAACTTACGCACCTCATTCAATACC

CTACG 

-1.47 

C24T25 CCTACGTCTCCAACTAACTTACGCTCCTCATTCAATACC

CTACG 

-1.47 

C24G25 CCTACGTCTCCAACTAACTTACGCGCCTCATTCAATACC

CTACG 

-1.47 

A25 CCTACGTCTCCAACTAACTTACGGACCTCATTCAATACC

CTACG 

-1.81 

T25 CCTACGTCTCCAACTAACTTACGGTCCTCATTCAATACC

CTACG 

-1.81 

G25 CCTACGTCTCCAACTAACTTACGGGCCTCATTCAATACC

CTACG 

-1.89 

3' end 

modificatio

ns 

A43A44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAAA 

-1.81 

A43T44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAAT 

-1.81 

A43C44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAAC 

-1.81 

T43A44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTATA 

-1.81 

T43T44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTATT 

-1.81 

T43C44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTATC 

-1.81 

G43A44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAGA 

-1.81 

G43T44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAGT 

-1.81 

G43C44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAGC 

-1.81 

3' end 

modificatio

ns 

A44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACA 

-1.81 

T44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACT 

-1.81 
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C44 CCTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTACC 

-1.81 

Multiple-

location 

modificatio

ns 

G1T2A25 GTTACGTCTCCAACTAACTTACGGACCTCATTCAATACC

CTACG 

-1.81 

G1G2G43 GGTACGTCTCCAACTAACTTACGGCCCTCATTCAATAC

CCTAGG 

-1.96 

G1G2T24A25 GGTACGTCTCCAACTAACTTACGTACCTCATTCAATACC

CTACG 

-6.71 

G1G2G25G43 GGTACGTCTCCAACTAACTTACGGGCCTCATTCAATAC

CCTAGG 

-2.80 

G1T2G43T44 GTTACGTCTCCAACTAACTTACGGCCCTCATTCAATACC

CTAGT 

-1.81 

G1G2G43T44 GGTACGTCTCCAACTAACTTACGGCCCTCATTCAATAC

CCTAGT 

-1.81 

T24A25G43T44 CCTACGTCTCCAACTAACTTACGTACCTCATTCAATACC

CTAGT 

-2.99 

G1T2A25G43T44 GTTACGTCTCCAACTAACTTACGGACCTCATTCAATACC

CTAGT 

-1.81 

G1G2T24G43T44 GGTACGTCTCCAACTAACTTACGTCCCTCATTCAATACC

CTAGT 

-2.51 

G1G2G25G43T44 GGTACGTCTCCAACTAACTTACGGGCCTCATTCAATAC

CCTAGT 

-2.80 

G1G2T24G25G43

T44 

GGTACGTCTCCAACTAACTTACGTGCCTCATTCAATACC

CTAGT 

-4.49 

 

2.7.2 Extinction coefficient calculation 

The extinction coefficients at 260 nm for single-stranded DNA components 

were provided by integrated DNA technologies.The extinction coefficients at 260 

nm for the reporter and the substrate were calculated by summing up the single and 

double-stranded regions, as following 𝑒 (𝑡𝑜𝑡𝑎𝑙) = 𝑒(𝑠𝑖𝑛𝑔𝑙𝑒) + 𝑒(𝑑𝑜𝑢𝑏𝑙𝑒), where 

𝑒 (𝑑𝑜𝑢𝑏𝑙𝑒) = 𝑒(𝑡𝑜𝑝 𝑠𝑡𝑟𝑎𝑛𝑑) + 𝑒(𝑏𝑜𝑡𝑡𝑜𝑚 𝑠𝑡𝑟𝑎𝑛𝑑) − 3200 (𝑢𝑛𝑖𝑡𝑠)𝑁𝐴𝑇 +

2000(𝑢𝑛𝑖𝑡𝑠)𝑁𝐺𝐶 , where 𝑁𝐴𝑇 and 𝑁𝐺𝐶 are respectively the number of AT pairs and 

GC pairs in the double-stranded regions.1, 2 

2.7.3 Reaction kinetics models 

We consider the following model for the catalytic system: 

 𝐹 + 𝐶 + 𝑆
𝑘𝑐𝑎𝑡
→  𝑊 + 𝐶 + 𝑂𝐵 + 𝑆𝐵 (1) 

 𝐹 + 𝑆
𝑘𝑙𝑒𝑎𝑘
→   𝑊 + 𝑂𝐵 + 𝑆𝐵 (2) 

 𝑆𝐵 + 𝑅
𝑘𝑇𝐸𝑇
→   𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 (3) 
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Equation (1) is the catalyzed reaction for the catalytic system in Figure. 2.1. In this 

reaction 𝐹 is the fuel, 𝐶 is the catalyst, and 𝑆 is the substrate. In this reaction the 

fuel F, catalyst C, and substrate S combine to form waste product W and release 

catalyst C, output OB, and signal SB. The rate constant is denoted 𝑘𝑐𝑎𝑡.  

Equation (2) is the leakage reaction for the catalytic system in Figure 2.1. In 

this reaction the fuel 𝐹 and the substrate 𝑆 combine to form the waste product 𝑊 

and release output 𝑂𝐵 and signal 𝑆𝐵. This reaction proceeds with the rate constant 

𝑘𝑙𝑒𝑎𝑘. 

Equation (3) is the reaction of signal SB and reporter R with a rate constant 

𝑘𝑇𝐸𝑇 = 8 × 10
5 𝑀−1𝑠−1, which is much faster than ). 𝑘𝑐𝑎𝑡 and 𝑘𝑙𝑒𝑎𝑘

3 As a 

consequence, we neglect reporter delay and we treat the fluorescence as a direct 

measure of the SB concentration. 

Equations (1-3) do not include the reverse reactions, that is, the reverse 

reactions are considered to be negligible. 

Leakage and catalyzed reactions have the following rate equation: 

  
𝑑[𝑆𝐵]

𝑑𝑡
= 𝑘𝑐𝑎𝑡[𝐹][𝐶][𝑆] + 𝑘𝑙𝑒𝑎𝑘[𝐹][𝑆] (4) 

Mass balance equations are: 

 [𝐹] = [𝐹]0 − [𝑆𝐵] (5) 

 [𝑆] = [𝑆]0 − [𝑆𝐵] (6) 

 [𝐶] = [𝐶]0 (7) 

Equations (4) through (7) yield: 

 
𝑑[𝑆𝐵]

𝑑𝑡
= 𝑘𝑐𝑎𝑡([𝐹]0 − [𝑆𝐵])[𝐶]0([𝑆]0 − [𝑆𝐵]) + 𝑘𝑙𝑒𝑎𝑘([𝐹]0 − [𝑆𝐵])([𝑆]0 − [𝑆𝐵])

  (8) 
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One obtains: 

 [𝑆𝐵] =
[𝐹]0[𝑆]0(1−𝑒𝑥𝑝

[𝑡∙(𝑘𝑐𝑎𝑡[𝐶]0+𝑘𝑙𝑒𝑎𝑘)∙([𝑆]0−[𝐹]0)])

[𝐹]0−[𝑆]0𝑒𝑥𝑝
[𝑡∙(𝑘𝑐𝑎𝑡[𝐶]0+𝑘𝑙𝑒𝑎𝑘)∙([𝑆]0−[𝐹]0)]

 (9) 

When 𝑡 → ∞ and [𝑆]0 > [𝐹]0 

 [𝑆𝐵]∞ = [𝐹]0 (10) 

 [𝑆𝐵]𝑐𝑎𝑡 =
[𝑆𝐵]

[𝑆𝐵]∞
=

[𝑆]0(1−𝑒𝑥𝑝
[𝑡∙(𝑘𝑐𝑎𝑡[𝐶]0+𝑘𝑙𝑒𝑎𝑘)∙([𝑆]0−[𝐹]0)])

[𝐹]0−[𝑆]0𝑒𝑥𝑝
[𝑡∙(𝑘𝑐𝑎𝑡[𝐶]0+𝑘𝑙𝑒𝑎𝑘)∙([𝑆]0−[𝐹]0)]

  (11) 

The fluorescence concentration is approximately equal to the signal strand 

concentration. Rate constants of catalytic reaction can be obtained by fitting the 

fluorescence verses time data using the equation (11), as illustrated in Figure 2.6b 

of chapter 1. 

For leakage reaction [𝐶]0 = 0, thus 

 [𝑆𝐵] =
[𝐹]0[𝑆]0(1−𝑒𝑥𝑝

[𝑡∙𝑘𝑙𝑒𝑎𝑘∙([𝑆]0−[𝐹]0)])

[𝐹]0−[𝑆]0𝑒𝑥𝑝
[𝑡∙𝑘𝑙𝑒𝑎𝑘∙([𝑆]0−[𝐹]0)]

  (12) 

When 𝑡 → ∞ and [𝑆]0 < [𝐹]0 

 [𝑆𝐵]∞ = [𝑆]0    (13) 

 [𝑆𝐵]𝑙𝑒𝑎𝑘 =
[𝑆𝐵]

[𝑆𝐵]∞
=

[𝐹]0(1−𝑒𝑥𝑝
[𝑡∙𝑘𝑙𝑒𝑎𝑘∙([𝑆]0−[𝐹]0)])

[𝐹]0−[𝑆]0𝑒𝑥𝑝
[𝑡∙𝑘𝑙𝑒𝑎𝑘∙([𝑆]0−[𝐹]0)]

 (14) 

This is the equation to which the fluorescence data is fit in order to extract 

the leakage rate constant from the fluorescence verses time data of the leakage 

experiments, as illustrated in Figure 2.6c. 
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2.7.4 Transient binding of the substrate and fuel 

 
Figure 2.8. The transient binding between the substrate toehold and the fuel. The 

y domain of the fuel strand and y* domain of the substrate toehold can hybridize as 

shown in reaction I. The x domain on the 5ʹ end of the fuel will further displace the x 

domain of the signal strand via 3-way branch migration (reaction II). This interaction 

might interfere with the 3ʹ end fuel binding with the substrate and thus affect the 

leakage rate constants. 
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2.7.5 Minimum free energy structures of the fuel strands 

 
Figure 2.9. Minimum free energy (MFE) structures of fuels with single-location 

modifications as calculated by NUPACK. The Gibbs free energy of each structure is 

shown in kcal/mol. 
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2.7.6 Availabilities of fuel strand bases 

 
Figure 2.10. Leakage rate constants in descending order and corresponding base 

availabilities of fuel strands. Each base of the fuel strand is represented as a solid 

circle colored according to the NUPACK calculated availability. Mismatched bases 

are circled in gray. 
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Figure 2.11. Catalyzed reaction rate constants in descending order and 

corresponding fuel base availabilities. Each base of the fuel strand is represented as 

a solid circle colored according to NUPACK calculated availability. The four bases 

complementary to the toehold are highlighted with the gray box. Mismatched bases 

are circled in gray. 
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2.7.7 Analysis in the context of the Intuitive Energy Landscape (IEL) model 

Recently, Srinivas et al. published a comprehensive analysis of branch migration 

and strand displacement and proposed an intuitive energy landscape (IEL) model to 

describe the experimental rates of strand displacement reactions.4 In an effort to gain 

additional insight into leakage, we analyzed the leakage reaction pathways in the 

framework of the IEL by incorporating the effects of fuel sequence mismatch energy 

penalties. From the IEL model, we can predict the leakage pathways with the lowest 

thermodynamic energy barriers (Figure 2.13a,b), yet the most significant fuel 

modifications were those that affected the high-energy pathways (Figure 2.12a) where the 

backbone base availabilities were highest. In IEL model, five essential rates and energy 

parameters kbi, kuni, ΔGs, ΔGp, and ΔGbp were used to describe strand displacement 

reaction kinetics, which includes rates of hybridization, fraying, branch migration and 

branch migration initiation. These parameters were derived or fitted for the case of 

minimal secondary structures for the single-stranded components and stable duplexes. 

However, to accurately predict reaction rates, including leakage, base availability from the 

secondary structures of single strands and unstable duplexes, especially the blunt ends and 

nick locations, may be an essential part of the IEL model. Future work will include 

incorporating availability and mutual availability into the IEL model to gain a greater 

understanding, and thus greater control, of leakage reaction mechanisms. 

2.7.7.1 The intuitive energy landscape model for leakage pathways 

Figures 2.12 and 2.13 shows four possible leakage pathways analyzed in the 

context of the intuitive energy landscape (IEL) of Srinivas et al.4 In Figure 2.12 and 2.13, 

state A is the initial state in which the fuel (G1T2) and substrate are separated, and the 

Gibbs free energy is taken as zero. For simplicity, all energy parameters were taken from 

Reference 4. From state A to B, one end of the substrate frays at the cost of one base pair 



53 

 

 

stacking |ΔGbp|. Three base pairs of the substrate have to fray to form the first base pair 

with the G1T2 due to two nucleotide modifications (indicated in the red dots). This results 

in a higher energy barrier for the pathway illustrating leakage by the fuel 5 ' end compared 

to the other three. There is an intermediate step in which the fuel and substrate come close 

together in correct registry at the cost of |ΔGinit|. State C is the formation of the first base 

pair between the fuel and substrate with the energy gain of |ΔGbp|, and in this process two 

overhangs protrude from both sides of the nick with the energy penalty of |ΔGp|. In branch 

migration process, three base pairs of the fuel have to fray due to the hairpin structure and 

the energy cost for each base is |ΔGbp|. State D is when the fuel hairpin opened and form 

new base pairs with substrate. The sawtooth pattern represents branch migration steps and 

the top of the sawtooth is the intermediate transition state with energy penalty of |ΔGs|. In 

state E, the fuel has completely displaced the output strand, decreasing the system energy 

by |ΔGinit| and |ΔGp1| (energy difference from no overhang to one overhang in the nick). In 

the final state F, both the output and signal strands are completely displaced by the fuel, 

and the gain of the system energy is |ΔGinit| and |ΔGp2| (energy difference from no 

overhang to two overhangs in the nick). In Figure 2.12a, the final state F is higher than the 

point Orig. (no mismatches in the fuel strand). 
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Figure 2.12. Intuitive energy landscape (IEL) for two of the four proposed leakage 

pathways for G1T2 fuel modification. Red states indicate mismatch penalties. (a) 

Leakage initiated at 3ʹ end of the fuel (base 1), (b) Leakage initiated at nick left of the 

fuel (base 24). Yellow circles denote fraying locations. States A-G are described in the 

text. For illustration, the values of ΔGbp, ΔGp, ΔGs, and ΔGinit were taken from 

Srinivas et al.4 |ΔGp1| is the energy difference from no overhang to one overhang in 

the nick, |ΔGp2| is the energy difference from no overhang to two overhangs in the 

nick, and |ΔGp3| is the energy difference from one overhang to two overhangs in the 

nick. For comparison, point “Orig.” shows the final state energy when the original 

fuel is used. 
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Figure 2.13. Intuitive energy landscape (IEL) for two of the four proposed leakage 

pathways for G1T2 fuel modification. Red states indicate mismatch penalties. (a) 

Leakage initiated at nick right of the fuel (base 25), (b) Leakage initiated at 3ʹ end of 

the fuel (base 44). States A-G are described in the text. Yellow circles denote fraying 

locations. For illustration, the values of ΔGbp, ΔGp, ΔGs, and ΔGinit were taken from 

Srinivas et al.4 |ΔGp1| is the energy difference from no overhang to one overhang in 

the nick, |ΔGp2| is the energy difference from no overhang to two overhangs in the 

nick, and |ΔGp3| is the energy difference from one overhang to two overhangs in the 

nick. For comparison, point “Orig.” shows the final state energy when the original 

fuel is used. 

The leakage rate constant can be expressed by 𝑘 ≈
2𝑒
−
|∆𝐺𝑏𝑝|

𝑅𝑇
𝜌𝑘𝑏𝑖

𝜌+2𝑏𝛾𝑒(∆𝐺𝑠+∆𝐺𝑝)/𝑅𝑇
 , where b is 

the number of bases in the branch migration region, and 𝜌 is defined as 𝜌 = 𝑘𝑢𝑛𝑖/𝑘𝑏𝑖 , 𝛾 is 

defined as 𝛾 = 𝑒−(|∆𝐺𝑏𝑝|−∆𝐺𝑎𝑠𝑠𝑜𝑐)/𝑅𝑇𝑢0 , and ∆𝐺𝑖𝑛𝑖𝑡 = ∆𝐺𝑣𝑜𝑙𝑢𝑚𝑒 + ∆𝐺𝑎𝑠𝑠𝑜𝑐, where 

∆𝐺𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑅𝑇𝑙𝑛(
𝑢0

𝑢
), and ∆𝐺𝑎𝑠𝑠𝑜𝑐 is the free energy cost of association at a standard 
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concentration of 𝑢0 = 1 𝑀 due to reduction in the entropy caused by lost translational and 

orientation degrees of freedom.4 Unimolecular and hybridization rate constants are 

denoted by 𝑘𝑢𝑛𝑖 and 𝑘𝑏𝑖 respectively, where R is the universal gas constant and T is the 

temperature. 

From the above leakage rate constant equation, the availabilities of the fuel and 

substrate bases can be incorporated into the IEL model. First, the fuel and substrate collide 

in the nucleation step, which can be described by the bimolecular rate constant  𝑘𝑒𝑓𝑓. 

When the fuel has secondary structures and substrate frays at blunt ends and nick sites, 

base availabilities of fuel and substrate backbone at nucleation sites must be included in 

the 𝑘𝑒𝑓𝑓 to account for the probability of successful nucleation. Then branch migration 

proceeds after nucleation and this process is a unimolecular reaction, which can be 

described by 𝑘𝑢𝑛𝑖. In the branch migration process, the sawtooth amplitude (ΔGs) may 

need to be adjusted to account for secondary structures of the fuel strand. Therefore base 

availabilities of the fuel could be quantitatively incorporated into local free energy 

maxima along the sawtooth or through a sequence-dependent base-pairing energy and/or 

kuni. By considering base availability of the fuel and substrate backbone, the leakage rate 

constant can be modified through IEL model to precisely predict reaction rates. The 

biophysics of nucleation and branch migration steps could be further understood by utility 

of availability concept in the future. 

2.7.8 Multiple location fuel modifications 

Multiple location fuel modifications have a stronger leakage suppression 

than the single location modifications, as seen in Figure 2.14. The MFE structures 

for the fuel strands with sequence modifications at multiple locations are shown in 

Figure 2.15. For the multiple location modifications, the leakage rate dropped by 

100-fold to an almost undetectable level by introducing mismatches at all the four 
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vulnerable locations. As more mismatches are introduced, leakage reduction can 

be attributed to an increase in secondary structure of the fuel strand, consistent 

with the MFE structures seen in Figure 2.15, and a decrease in driving force. As 

the number of mismatches introduced to the fuel strand increases, the availability 

of the fuel strand decreases for this system. The changes in availability not only 

affect the nucleation sites but also appear in regions that can disrupt branch 

migration. For example, the point in the yellow circle in Figure 2.14(b) with a M 

of ~0.083 and ln(kleak) of ~0, is discussed further in Figure 2.16. 

Multiple site fuel modifications also showed lower catalytic reaction rates, 

as expected from their decreased complementarity to the substrate backbone. As an 

attempt to recover the rate of the catalytic reaction, we increased the toehold length 

from 4 nt to 5 nt on domain 3* of the intermediate 3 (I3) by deleting one nucleotide 

on the 5’ end of the catalyst. This had the desired effect only on the toehold 

mismatch modifications, while demonstrating the opposite effect on the other 

modifications (Figure 2.14). There exists a trade-off between slowing the 

dissociation of the signal strand (SB) and accelerating fuel binding to intermediate 

3 (I3) at toehold domain 3*. This trade-off is advantageous in the case that the fuel 

strand has a mismatch in the toehold region (base 25), while it is disadvantageous 

in the case that the fuel is unmodified in the toehold location. Some multiple 

location modifications achieve a larger kcat/kleak ratio compared with the original 

design, however none of these modification exceeded the best of the single 

location modifications (the ratio of 4, Figure 2.14(d)). 
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Figure 2.14. (a) Leakage rate constants of multiple location fuel modifications. (b) 

Natural log plot of the leakage rate constant versus the mutual availability between 

the fuel strand and the backbone on the substrate. Representative error bars of 

selected samples are shown, indicating that the scatter of the data is greater than the 

experimental error. The red line is the fit for all modifications combined. (c) Catalytic 

rate constants of multiple location fuel modifications. Gray bars represent substrate 

and fuel reacted with original catalyst and red bars represent substrate and fuel 

reacted with catalyst with 1 nt deletion at 5ʹ end. (d) The ratio kcat /kleak for multiple 

location fuel modifications. Gray bars represent substrate and fuel reacted with 

original catalyst and red bars represent substrate and fuel reacted with catalyst with 

1 nt deletion at 5ʹ end. 
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Figure 2.15. Minimum free energy (MFE) structures of fuels with multiple-location 

modifications as calculated by NUPACK. The Gibbs free energy for each structure is 

shown in kcal/mol. 
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Figure 2.16. (a) Minimum free energy (MFE) structures of original fuel and 

G1G1T24A25 modification as calculated by NUPACK and the Gibbs free energy of each 

structure. (b) Base availabilities for the original fuel and fuel modification 

G1G1T24A25. (c) An alternative reaction pathway to Fig. 1b between the modified fuel 

(G1G2T24A25) and substrate. 

Fuel modification G1G2T24A25 formed a stronger hairpin structure compared with 

the original fuel (Figure 2.16a) yet yielded a high leakage rate given its low total mutual 

availability with the substrate backbone (circled in yellow in Figure 2.14b). The fuel base 

availabilities are shown in Figure 2.16b. However the base availabilities are higher in 

domain 4a, x and part of domain 3 for the modified fuel, which are corresponding to the 

double helix region between the signal and backone of the substrate. An alternative 

reaction pathway is proposed in Figure 2.16c. Fuel (G1G2T24A25) can initiate reaction with 

the substrate through the 3' end of the fuel, which displaces x domain of the signal due to 

substrate fraying and then completely displaces signal strand through branch migration. In 

addition, the toehold domain y* of the substrate is less likely to stick with y domain of the 

fuel since it is sequestered in an stable hairpin structure. The x domain of the fuel is also 

unlikely to further displace x domain of the signal due to a 4-way branch migration. Thus, 

the right-side of the substrate are more vulnerable for fuel invasion and high leakage rate. 
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This anaylsis offers a plausible explanation to the anomalously high leakage rate for a 

strand with an overall low availability. This also highlights the utility of the concept of 

base availability and minimum free energy (MFE) structures for analyzing leakage 

reaction pathways and yielding insight on the leakage reaction rate 

2.7.9 Analysis of catalytic rates 

The effect of mismatches on the catalyzed reaction can be explained via the 

reaction mechanism. The mismatch positions play a very important role in the 

catalyzed reaction. Trends can be observed by grouping the mismatch positions of 

the fuel strand as bases 1, 2 and 24, base 25, and bases 43 and 44. This catalytic 

cycle can be simplified to four reactions modeled by Zhang et al. as shown below.3 

 𝑆 + 𝐶
𝑘1 𝑘−1⁄
↔    𝐼3 + 𝑆𝐵  (15) 

 𝐼3 + 𝐹
𝑘2
→ 𝐼5 + 𝑂𝐵 (16) 

 𝐼5
𝑘3 𝑘−3⁄
↔    𝐶 +𝑊 (17) 

 𝑆𝐵 + 𝑅
𝑘𝑇𝐸𝑇
↔   𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 (18) 

The reaction between the substrate and the catalyst and the signal reacting with the 

reporter are not affected by introducing fuel mismatch modifications. Equation 

(16) is a toehold mediated strand displacement and its rate constant k2 is mainly 

determined by the toehold domain 3 of the fuel strand (Figure 1). Thus, this 

reaction is strongly affected by toehold modifications at base 25. Equation (17) is 

the release of catalyst from the last intermediate (I5) to produce the waste product. 

Mimatch modificatios at bases 43 and 44 slow down the catalyst release.  

Base 25 is in domain 3, which is used by the fuel (F) to bind the 

intermediate 3 (I3). Single mismatches at base 25 of the fuel strand slow down the 
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overall catalytic reaction from one order of magnitude to over two orders of 

magnitude (Figure 2.6). Mismatches at the toehold position are the most 

detrimental to the catalytic rate. 

Bases 1, 2 and 24 modifications had the least impact on the catalyzed rate. 

To explain this, we look at where they are encountered during strand displacement. 

According to Machinek et al.,5 the last few base-pairs at the end of the branch 

migration spontaneously melt during strand displacement. Bases 1 and 2 are 

involved at the end of the strand displacement in equation (16). The last few bases 

of the strand OB spontaneously fall off from intermediate 4 before fuel 

mismatches at base 1 and 2 are involved in the reaction. However, base 24 is right 

next to toehold domain 3 where it is encountered at the beginning of branch 

migration according to the pathway depicted in Figure 2.1a. An alternative reaction 

pathway can proceed as following: the fuel strand releases the catalyst first instead 

of releasing strand OB due to higher activation energy barrier caused by 

mismatches at base 24. Mismatches at base 24 is encountered after the fuel 

establishes a long toehold with the strand backbone. This agrees with Machinek’s 

result that once a sufficiently long toehold has been established, mismatches in the 

branch migration region do not significantly impede strand displacement.5 

Equation (17) is a first order reaction, in which 6 base pairs in the catalyst 

strand spontaneously dissociate from intermediate (I5). For the 3' site fuel 

modifications, the catalyst has to spontaneously detach seven bases for 

modifications at base 44 and eight bases for modifications at bases 44 and 43. 

Catalytic reaction rates of fuel modifications at base 44 are slower than the 
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unmodified fuel strand, which can be attributed to a slower release of the catalyst 

from intermediate (I5). The effect of delaying catalyst release is even stronger in 

bases 43 and 44 fuel modifications. 

2.7.10 Rate constants and mutual availability 

A complete summary of leakage and catalytic rate constants, performance 

ratios, and total mutual availabilities are provided in Table 2.4 for both single and 

multiple location fuel modifications. 
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Table 2.4 Rate constants and total mutual availability 

 Fuel kleak (M-

1s-1) 

kcat (M-2s-1) kcat / kleak ln(kleak) M 

Unmodified Original 8.120 2.856E+13 3.512E+12 2.094 0.63336 

5' end 

modifications 

A1 8.320 2.433E+13 2.924E+12 2.119 0.63252 

T1 7.794 2.850E+13 3.656E+12 2.053 0.63431 

G1 5.272 1.800E+13 3.414E+12 1.662 0.61041 

A1A2 5.866 1.700E+13 2.897E+12 1.769 0.63366 

A1T2 4.908 1.700E+13 3.464E+12 1.591 0.63329 

A1G2 2.415 1.398E+13 5.790E+12 0.882 0.59486 

T1A2 5.509 1.683E+13 3.055E+12 1.706 0.63375 

T1T2 4.823 1.397E+13 2.896E+12 1.573 0.63426 

T1G2 3.452 1.392E+13 4.032E+12 1.239 0.61562 

G1A2 5.372 1.665E+13 3.099E+12 1.681 0.62457 

G1T2 2.010 2.456E+13 1.216E+13 0.698 0.57031 

G1G2 1.822 8.769E+12 4.813E+12 0.600 0.56708 

Nick location 

modifications 

A24 7.774 2.283E+13 2.937E+12 2.05 0.64705 

T24 7.240 2.167E+13 2.992E+12 1.980 0.47923 

C24 13.590 3.16E+13 2.320E+12 2.609 0.66726 

A24A25 5.721 9.355E+11 1.635E+11 1.744 0.47431 

A24T25 5.779 4.381E+11 7.580E+10 1.754 0.64776 

A24G25 4.029 3.650E+11 9.058E+10 1.394 0.57029 

T24A25 3.568 7.983E+11 2.237E+11 1.272 0.39064 

T24T25 3.830 5.755E+11 1.502E+11 1.343 0.44876 

T24G25 2.944 3.109E+11 1.055E+11 1.080 0.4381 

C24A25 6.768 3.534E+12 5.222E+11 1.912 0.65833 

C24T25 6.304 1.215E+12 1.926E+11 1.841 0.66309 

C24G25 5.390 1.518E+12 2.818E+11 1.685 0.5717 

A25 3.730 4.829E+12 1.294E+12 1.316 0.5302 

T25 4.128 6.103E+11 1.478E+11 1.418 0.50664 

G25 3.243 3.694E+11 1.138E+11 1.176 0.36412 

3' end 

modification 

A43A44 6.146 8.039E+12 1.307E+12 1.816 0.6314 

A43T44 5.737 7.995E+12 1.393E+12 1.747 0.63224 

A43C44 5.812 8.506E+12 1.463E+12 1.760 0.63252 

T43A44 6.633 1.020E+13 1.538E+12 1.892 0.63188 

T43T44 5.723 8.556E+12 1.494E+12 1.745 0.62699 

T43C44 6.275 1.258E+13 2.004E+12 1.836 0.63264 

G43A44 5.170 1.900E+13 3.673E+12 1.643 0.63356 

3' end 

modification 

G43T44 5.156 1.180E+13 2.287E+12 1.640 0.6313 

G43C44 5.798 8.707E+12 1.501E+12 1.757 0.6201 

A44 8.507 1.700E+13 1.998E+12 2.141 0.63267 

T44 7.262 1.439E+13 1.981E+12 1.983 0.63299 

C44 7.938 1.427E+13 1.797E+12 2.072 0.63157 

Multiple-location 

modifications 

G1T2A25 1.404 1.97E+12 1.407E+12 0.336 0.47453 

G1G2G43 0.704 6.12E+12 8.698E+12 -0.352 0.57542 

G1G2T24A25 1.019 4.28E+10 4.200E+10 0.019 0.08283 

G1G2G25G43 0.151 4.55E+10 3.021E+11 -1.893 0.36378 

G1T2G43T44 1.049 8.63E+12 8.298E+12 0.039 0.57801 

G1G2G43T44 0.750 5.09E+12 6.783E+12 -0.287 0.5646 

T24A25G43T44 0.894 1.55E+10 1.735E+10 -0.112 0.4084 

G1T2A25G43T44 0.259 1.85E+11 7.143E+11 -1.351 0.47614 

G1G2T24G43T44 0.581 8.14E+10 1.401E+11 -0.543 0.40441 

G1G2G25G43T44 0.183 4.54E+10 2.486E+11 -1.700 0.31731 

G1G2T24G25G43T44 0.082 1.12E+10 1.359E+11 -2.496 0.12528 
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2.7.11 Mutual availability and rate constants in a hairpin system 

 
Figure 2.17. (a) Leakage rate constants for each hairpin 2 modification plotted 

versus total mutual availability between hairpin 1 and hairpin 2. The leakage rate for 

the original hairpins is shown in black while the 1 nt, 2 nt, and 3 nt hairpin 2 

modifications are shown in blue, red and dark yellow, respectively. (b) Natural log 

plot of the leakage rate constant versus the total mutual availability. The solid gray 

line is the fit for all modifications combined with an adjusted R-squared 0.82. 

The total mutual availability M was calculated in NUPACK for Jiang et 

al.’s hairpin design CircA.6 In Figures. 3 and 4 of Reference (6), the final intensity for 

50 nM H1 is about 4300 relative fluorescence units (RFU) for the original hairpin system, 

and the original leakage 6 RFU/min is corresponding to 0.0697 nM/min. Thus the 

original leakage rate constant can be calculated as (0.0697 nM min-1/50 nM *50 nM) = 

465 M-1s-1. The data of total mutual availability and natural log of leakage rate constants 

was fit with a linear line. The fit for the dataset has a slope of 4.29 with an adjusted R2 of 

0.82. In NUPACK, the concentration for each hairpin is set to 50 nM, temperature 

is 25 °C, dangle is set to all and salt concentrations are 0.145 M Na+ and 0 M 

Mg2+. 
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Abstract 

Locked nucleic acids (LNAs) are conformationally restricted RNA nucleotides. 

Their increased thermal stability and selectivity towards their complements makes them 

well-suited for diagnostic and thernostic applications. While the structural and 

thermodyanmic properties of LNA-LNA, LNA-RNA, and LNA-DNA hybridization are 

known, the kinetic effects of incorproating LNA nucleotides into DNA strand 

displacment systems is not. Here we thoroughly studied strand displacment kinetics as a 

function of the number and position of LNA nucleotides in DNA oligonucleotides. When 

compared to an all-DNA control, with an identical sequence, the leakage rate constant 

was reduced from 1.48 M-1s-1 to 0.03 M-1s-1 and the invasion rate was preserved for a 

hybrid DNA/LNA system. Total performance enhancement ratio also increased 70 fold 
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when calculating the ratio of the invading rate to the leakage rate constants for a hybrid 

system. The rational substiution of LNA nucleotides for DNA nucleotides preserves 

sequence space while improving the signal to noise ratio of strand displacement systems. 

Hybrid DNA/LNA systems offer great potential for high performance chemcial reactions 

networks that include catalyzed hairpin assemblies, hairpin chain reactions, motors, 

walkers, and seesaw gates. 

3.1 Introduction 

The themodynamics1-7 and kinetics8-12 of Watson-Crick hybridization and strand 

displacment are well known for DNA and RNA oligonucleotides. As an alternative to 

naturally occuring nucleic acids, locked nucleic acids (LNAs) are conformationally 

restricted RNA nucleotides where the 2' oxygen in the ribose bonds to the 4' carbon.13-16 

This covalent bond constrains the sugar in the N-type (C3'-endo) conformation, which in 

turn preorganizes the phosphate backbone, promotes base stacking, and forces the double 

helix into its A-form.16-22,23, 24 These attributes increase LNA’s thermal stability on and 

selectivity towards its Watson-Crick complements: including LNA, RNA, and DNA. 

Naturally occuring nucleotides that neighbor LNA nucleotides also adopt the N-type 

conformation.23, 25 When a hybrid DNA/LNA strand binds to an all-DNA 

oligonucleotide, the structure reflects the number of LNA nucleotides incorporated into 

the duplex. For example, the A to B-form ratio increases as the number of LNA 

nucleotides increases.23 

The stability of LNA containing duplexes can be considered in terms of the Gibbs 

free energy – which accounts for the entropic and enthalpic contributions of including 

conformationally restricted nucleotides into a strand. The positive entropic change is 
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from LNA preorganizing the phosphate backbone.26 In comparison, the more negative 

enthalpic change is from an increase in base stacking from LNA when compared to 

naturally occuring nucleotides such as RNA and DNA.26 Thermodynamic parameters 

have been reported for DNA duplexes with single LNA substitutions.27-30 The results 

indicate that LNA pyrimidines are more stable than LNA purines and that the overall 

duplex stability is highly dependent on the DNA nucleotides that neighbor the LNA 

nucleotides.27 As a consequence, the melting temperature of a DNA complex ranges from 

+1 to +8 °C for every LNA nucleotide added.28, 29 In addition, the thermal stabilty of a 

DNA duplex saturates as the number of LNA nucleotides approaches ~50% of the total 

content.15, 30 For example, the melting temperature increased on average 5.3 °C per LNA 

for a 9-nucleotide DNA duplex that had three randomly distributed LNAs on one of its 

strands. In comparison, the melting temperature increased on average 4.5 °C per LNA 

when an equivalent duplex was fully saturated with LNA on one of its strands.19 

In addition to thermodynamic parameters, kinetic parameters have been measured 

when incorporating LNA nucleotides into DNA systems.31 The results indicate that LNA-

DNA base pairs have an increased binding affinity when compared to DNA-DNA base 

pairs because they have a slower dissoication rate constant rather than a faster 

hybridization rate constant.31, 32 In spite of these structural, thermodynamic, 

hybridization, and dissociation attributes, the kinetics of incorporating LNA nucleotides 

into DNA strand displacement systems8, 33-39 has not been explored. Furthermore, leakage 

suppression and total system performance (i.e. the signal to noise ratio)40-43 have not been 

studied in DNA reactions that include LNA nucleotides. 
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Presented here for the first time, LNA nucleotides were substituted for DNA 

nucleotides in a strand displacement system (Figure 3.1). Independent of the number or 

position of the substitutions, the oligonucleotide sequence was fixed. In our model 

system, the invader (i) hybridizes with the Substrate complex at toehold domain 5 and 

displaces the signal strand (s); creating a Waste complex. The signal strand then reacts 

with the Reporter complex and releases a dye strand (d). Using a fluorometer, intrinsic 

leakage rates were measured between zero-toehold invaders and Substrates. In contrast, 

invasion rates were measured between 6 nt toehold invaders and identical Substrates. For 

both experiments, all-DNA oligonucelotide invader and Substrate conrols were compared 

to hybrid DNA/LNA oligonucleotide invader and Substrate variants – with identical 

sequences. Leakage was minimized by site-specifically incorporating LNA nucleotides 

into DNA Substrates. Equally as important, the elevated invasion rates were maintained 

by incorporating LNA nucelotides into the invader strand. Experimental methods, results, 

and discussion for how to optimize the kinetic performance of a DNA stand displacment 

system by site-specifically substituting LNA for DNA nucleotides into the system are 

described below. 
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Figure 3.1 Schematic of a nucleic acid based, toehold mediated strand 

displacement system. Functional domains are represented by numbers and 

complementary domains are denoted by numbers with asterisks. The Substrate 

complex includes signal (s) and backbone (b) strands, while the Reporter complex 

includes dye (d) and quencher (q) strands. Various LNA substitutions have been 

made to the signal, backbone, and invader (i) sequences in this study. During invasion, 

the invader hybridizes with the backbone at domain 5* and displaces the signal strand 

via three way branch migration. The invader and backbone form a Waste complex. 

The free signal strand then reacts with the Reporter complex and releases a dye 

strand, which is monitored by a fluorometer. 

3.2 Results and Discussion 

DNA nucleotides were site-specifically substituted by LNA nucleotides in the 

backbone (b), signal (s), and the backbone and signal of the original sb0 Substrate 

(Figure. 3.2A,B). LNA substitutions were made in the invaders (i) with 0 and 6 

nucleotide (nt) toeholds (Figure 3.2C). All sequences are listed in Section 3.8.1. 

Experimentally, leakage reactions were measured between invaders with 0 nt toeholds 

and the Substrates, while invasion reactions were measured between invaders with 6 nt 

toeholds and the same Substrates. The rate constants were extracted by fitting the data 

using a 2nd order reaction model (Section 3.8.2). Reporter kinetics and control 

experiments were shown in Section 3.8.3 and 3.8.4 respectively.  

3.2.1 Leakage reactions between a DNA invader and hybrid DNA/LNA Substrates 
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The leakage rate constants between the 0 nt toehold invader i1 and the Substrates 

(Figure 3.2B) are shown in Figure 3.3A. Select fluorescence traces for low leak systems 

are shown in Figure 3.3B. For Substrates with LNA substitutions on the backbone (b1, 

b2, b3, b4, b5, and b6), there is no enthalpic change in the base pairing during the 

leakage reaction – in which the DNA invader replaces the signal strand of the Substrate. 

In general, the more LNAs that are incorporated into the backbone, the greater the 

leakage suppression. For example, when 15 LNA nucleotides substituted for DNA 

nucleotides in the b6 backbone, leakage was suppressed by a factor of 7. In addition, 

Substrates b1 and b3, with two LNAs near the terminal ends of the duplex, had a more 

pronounced effect on leakage reduction than Substrate b2 with two LNAs in the center of 

the complex. This is likely attributed to the stronger DNA-LNA base pairing, which 

reduces fraying frequency and hence reduces the probability for nucleation to occur 

between the Substrates and the 0 nt toehold invader. 
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Figure 3.2. (A) The original sequence-level Substrate (sb0). Black and red letters 

respectively denote DNA and LNA nucleotides. (B) Hybrid DNA/LNA Substrates. 

Substrates b1-b6 selectively substituted LNA for DNA nucleotides on the backbone 

strand. Substrates s1-s4 selectively substituted LNA for DNA nucleotides on the signal 

strand. Substrates sb1-sb8 selectively substituted LNA for DNA nucleotides on both 

the signal and backbone strands. (C) Zero nucleotide (nt) invaders (i1, i2 and i3) were 

used for the leakage reactions and 6 nt toehold invaders (i4, i5 and i6) were used for 

the invasion reactions. 
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For Substrates s2, s3, and s4, with LNA substitutions on the signal strand, the 

leakage rate constants are smaller than Substrates b2, b3, and b4 with the same number 

and position of LNAs on the backbone. The reason is because there is an enthalpic 

penalty in the leakage reaction, where the LNA-DNA base pairs in the Substrates are 

replaced by DNA-DNA base pairs in the Waste complex.19 During branch migration, this 

enthalpic penalty renders a bias for the signal to hybridize to the backbone rather than 

being replaced by the invader strand.44 The data also shows that the leakage performance 

of Substrates s1 and s3 are dramatically different even though they contain the same 

number and identity of LNAs. 

To quantify the effects of secondary structure on the leakage rates of Substrates 

s1 and s3, the probability that a base was unpaired at equalibirum was calculated for 

Substrate sb0 using NUPACK (Section 3.8.5).12 According to our analysis, base 

availabilty was higher for the right versus the left side of the sb0 duplex – indicating that 

the right side of the Substrate is more suceptable to leakage because of fraying and hence 

favorable nucleation between the Substrate and its zero nt toehold invader. As a 

consequence, site-specific substitutions of LNA’s for DNA nucleotides has a greater 

leakage suppression effect near the right side (domain 4) versus the left side (domain 2) 

of the sb0 Substrate. By extension Substrate s3 has greater leakage suppresion than 

Substrate s1. In support of this claim, experimental results in Section 3.8.5 show that 

leakage is faster from the right versus the left side of the Substrate when the i1 invader 

was separately truncated by 2 nucleotides at its 5' and then 3' end. 
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Figure 3.3. The effects of LNA substitutions on strand displacement kinetics. (A) 

Leakage rate constants for multiple Substrates that were exposed to DNA invader i1 

with a zero nt toehold. (B) Leakage kinetics for select Substrates (20 nM) that were 

exposed to DNA invader i1 (2 µM). The black line is the original Substrate (sb0) and 

the red line is the background reaction when the Reporter complex (40 nM) was 

mixed with DNA invader i1 (2 µM) without the Substrate. (C) Invasion rate constants 

for multiple Substrates that were exposed to a DNA invader i4 with a 6 nt toehold. 

(D) The performance enhancement factor of each Substrate was calculated by taking 

the ratio of the rate constants in (C) and (A). Error bars represent the standard 

deviation from three reactions with different invader concentrations. 

Leakage suppression was maximized for Substrates sb1, sb2, sb3, sb4, sb5, sb6, 

sb7, and sb8 with LNA nucleotides on both their signal and backbone strands. When 

compared to the the original Substrate (sb0), the leakage reduction for sb8 was ~50-fold. 

This significant performance increase is because LNA-LNA base pairs are more 

thermomechanically stable than LNA-DNA or DNA-DNA base pairs.19 In addition, the 

energy penalty between LNA-LNA and DNA-LNA base pairs during branch migration 
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likely contributes to the slower leakage rates. For example, there is a stronger bias to 

form LNA-LNA base pairs between the signal and the backbone than DNA-LNA base 

pairs between the invader and the backbone. Surprisingly, Substrate sb2 with two LNA-

LNA base pairs near the duplex center has similar leakage performance as Substrate sb4 

with two LNA-LNA base pairs near the terminal ends of the duplex. While LNAs near 

the terminal ends of the Substrate may reduce the fraying frequency and hence lower the 

probability of invader nucleation, they may not adequately transform the Substrate from 

the B to the more stable A-form conformation. On the contrary, LNAs in the central 

region of the Substrate not only change the structural conformation from B-form to the 

more stable A-form but they also impose a higher energy barrier for branch migration to 

proceed.25, 45 This might explain why Substrate sb2, with only two LNA-LNA base pairs 

in the center of its duplex, reduced the leakage rate from 1.48 M-1s-1 to 0.065 M-1s-1. 

Overall, Substrates with LNA nucleotides show significant leakage suppression. 

The leakage rate constant was reduced from 1.48 M-1s-1 to 0.03 M-1s-1. LNA-DNA and 

LNA-LNA base pairs make Substrates less vulnerable to react with the zero toehold 

invader probably because of their increased thermomechanical stability. LNA nucleotides 

near the terminal end of the Substrates are more likely to reduce fraying and LNAs in the 

central region impose a higher energy barrier during branch migration. 

3.2.2 Invasion reactions between a DNA invader and hybrid DNA/LNA Substrates 

The invading rate constants between the 6 nt toehold invader i4 and the Substrates 

(Figure 3.2B) are shown in Figure 3.3C. The invading rate constants for Substrates b1-b6 

are equivalent to the original Substrate sb0 because: (1) the 6 nt toehold is well 

established before the branch migration process proceeds, and (2) the enthalpy change 
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during branch migration is net neutral for Substrates with and without LNA nucleotides. 

More specifically, stable toeholds provide forward bias for the invader strand to displace 

the signal strand even though higher energy barriers are confronted during LNA-DNA 

versus DNA-DNA base pairing. In addition, LNA substitutions at the terminal ends of the 

duplex for Substrates b1, s1 and sb1 do not affect the invading rates because terminal 

base pairs spontaniously dissociate during branch migration.46 

With the exception of s1, Substrates s2, s3, and s4 – with LNA substitutions on 

the signal strand – reduce the invasion rates because the LNA-DNA base pairs are 

replaced by DNA-DNA during branch migration. This energy penalty minimizes the 

forward bias of the random walk process. Forward bias decreases as the number of LNA 

nucleotides increases on the signal strand. With the exception of sb1, it also decreases for 

Substrates with LNAs on both the signal and backbone. As a consequence, Substrates 

sb2-sb8 exhibit substantially lower invasion rates as the number of LNA-LNA base pairs 

increases. For example, the invading rate constant for Substrate sb8 is reduced by ~3-

orders of magnitude when compared to sb0. To further understand the kinetics of strand 

invasion, the invasion rate constants were measured as a function of toehold length in 

Section 3.8.6. 

During strand invasion, LNA-LNA base pairs in the Substrate behave as barriers 

to strand invasion. The probability to overcome the barrier is dependent on both the 

position and number of LNA-LNA base pairs in the Substrate. For example, as equivalent 

LNA-LNA base pairs move closer to the toehold, the i4 invasion rate generally shrunk – 

as reflected by sb1 to sb3, and sb5 to sb7. In addition, the invasion rate constants for sb1 

and sb5 remained elevated – regardless of the invader used – because the last few bases 
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at the terminus of branch migration spontaneously melt off.46 Substrate sb3 with 2 LNA-

LNA bases close to the right terminal end had a faster invasion rate than sb2 with 2 

LNA-LNA bases in the central region. This may be because LNA substitutions that are 

close to terminal ends of the duplex are not sufficient to induce structural changes to the 

duplex. 

Overall, LNA substitutions on the Substrate affect the invasion kinetics in the 

following ways. LNAs at the beginning of branch migration of the Substrate impose a 

higher penatly for initiating branch migration.44 LNAs in the center of branch migration 

of the Substrate slow down the rate of branch migration through a relatively large 

sawtooth amplitude associated with each step of branch migration.44 LNAs at the end of 

branch migration of the Substrate do not affect the strand displacement kinetics. 

To guide strand invasion design, the performance enhancement ratio is defined as 

the ratio of the invading rate constant for the 6 nt toehold invader and the leakage rate 

constant for the 0 nt toehoeld invader (𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 = 𝑘𝑖𝑛𝑣𝑎𝑑𝑖𝑛𝑔 𝑘𝑙𝑒𝑎𝑘⁄ ). 

The performance enhancement ratio of hybrid DNA/LNA Substrates are shown in Figure 

3.3D. The performance enhancement ratio of Substrate sb0 is normalized to one unit and 

the higher ratios reflect better performance. For example, the performance enhancement 

ratio of Substrate sb5 is 18 times better than the original sb0 Substrate. 

3.2.3 Leakage reactions between hybrid DNA/LNA invaders and hybrid DNA/LNA 

Substrates 

The leakage kinetics between zero nt toehold invaders – with LNA substitutions – 

and select Substrates (Figure 3.2B) are summarized in Figure 3.4. Invaders with LNA 

substitutions have faster leakage kinetics than the DNA invader for three potential 
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reasons. First, invader i2 with LNA substitutions could increase the probability to form 

stable nuclei with Substrate backbones. Second, the high affinity of LNA-DNA and 

LNA-LNA base pairs may increase the thermodynamic driving force for strand invasion 

to proceed. Third, invaders with LNA substitutions likely lower the kinetic barrier and 

promote forward bias during strand invasion. 

In addition to the presence of LNAs in invaders i2 and i3, Substrate sb0 leakage is 

highly dependent on LNA location. For example, invader i2 increased the leakage rate by 

a factor of 10, while invader i3 only increased it by a factor of 2.7. In short, LNAs near 

the terminus of invader i2 stabilize the nuclei between the invader and the backbone 

strands – which most likely increases the probability for branch migration to proceed to 

completion. In contrast, the central location of the LNAs in invader i3 is expected to 

support simliar nucleation behavior as invader i1 without any LNA. However, invader i3 

has a higher probability of completing branch migration than i1 because its LNA-DNA 

base pairs encourage forward bias to displace the signal strand. Therefore, even though 

invaders i2 and i3 have the same number and identity of LNA substitutions, i2 exhibits 

much faster reaction rates than i3 when invading the original Substrate (sb0). 
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Figure 3.4. Leakage rate constants for select Substrates and zero toehold invaders 

with and without LNA substitutions. Black and red letters respectively denote DNA 

and LNA nucleotides. Error bars are the standard deviation from three reactions with 

different invader concentrations. 

Invaders with LNA substitutions have faster leakage rates than the all-DNA 

invader, independent of the Substrates tested. When compared to sb0, b6 includes 15 

LNAs on its backbone, most of which are at the terminal ends of domains 2* and 4*. 

When exposed to invaders with LNA substitutions, the leakage rate was ~10 times faster 

for i2 than i3. Briefly, invader i2 has a faster leakage rate because it stabilizes the 

nucleation event by replacing 2 DNA-LNA base pairs in the Substrate with 2 LNA-LNA 

base pairs in the Waste complex. In contrast, Substrates s2 and s4, with LNA 

substitutions on the signal strand, consistently have greater leakage rates than Substrates 

sb2 and sb4, which have LNAs on their signal and backbone strands. Regardless of the 

invaders chosen, Substrates sb2 and sb4 exhibit greater leakage suppression than 

Substrates s2 and s4, with LNA substitutions only on their signal strand.  
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3.2.4 Invasion reactions between hybrid DNA/LNA invaders and hybrid DNA/LNA 

Substrates 

When using the 0 nt toehold invader i1, sb Substrates with LNA on both the 

signal and backbone strand yielded the greatest leakage suppression (Figure 3.3A). In 

comparison, the invasion rates decreased for all sb Substrates, excluding sb1, that were 

invaded by i4 – a DNA invader with a 6 nt toehold (Figure 3.5A). To improve the 

invasion performance of the sb Substrates, LNA substitutions were site-specifically 

included into invaders i5 and i6 – both of which had 6 nt toeholds. Regardless of the 

strand displacement systems in Figure 3.5, toehold hybridization was identical between 

all Substrates and all invaders. As a consequence, nucleation between the invader strands 

and the Substrates was assumed to be identical. In many cases, the invasion rates for i5 

and i6 had comparable invasion performance to the DNA invader i4 on the original 

Substrate (sb0). Primary examples include the invasion of Substrates sb1, sb2, sb5, and 

sb6 with either invader i5 or i6. 

 
Figure 3.5. (A) Invasion rate constants for Substrates with LNA nucleotides on 

both signal and backbone strands that were exposed to pure DNA and hybrid 

DNA/LNA invaders with a 6 nt toeholds. (B) The performance enhancement ratio of 

each Substrate was calculated by taking the ratio of the invasion and leak rate 

constants. Error bars represent the standard deviation from three reactions with 

different invader concentrations. 
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Between Substrates sb1 to sb8, the invasion rates were elevated for i5. During the 

invasion reaction, but after the invader toehold binded to the Substrate, 2 LNA 

substitutions on domain 4 of invader i5 formed stable LNA-LNA or LNA-DNA base pair 

with the backbone. The increased stability of these base-pairs renders a forward bias 

during branch migration, which caused invader i5 to have an increased probability to 

displace the signal strand instead of having the branch point return to the toehold binding 

domain. In comparison, invader i6, with 2 LNA substitutions on domain 3, shows far 

slower invasion rates for Substrates sb3, sb4, sb7, and sb8. LNA-LNA base pairs that are 

on the Substrate near the onset of branch migration is expected to render a higher energy 

barrier after i6 binds to the toehold. The signal strand thus has a stronger bias to hybridize 

to the backbone strand, which encourages the invader to stay on the toehold domain. 

Thus, LNAs substitutions on the invader, that are further away from the toehold domain, 

do not improve the invading rate constants. 

Overall, LNA substitutions on the invader affect the invasion kinetics in the 

following ways. LNAs on the invader bias the random walk forward at the onset of 

branch migration and hence increase the invasion rate constant. As the LNA substitutions 

move away from the toehold domain of the invader, the invasion performance gradually 

decreases. 

The performance enhancement ratio of strand displacement systems between 

Substrates and invaders, with and without LNA substitutions, are shown in Figure 3.5B. 

The performance enhancement ratio of Substrate sb0 was normalized to 1 unit and higher 

ratios reflect increased performance. The performance enhancement ratio of all of the 

LNA substituted Substrates were improved. The performance enhancement of Substrate 
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sb6 and invader i5 showed a 70-fold improvement compared with the performance of the 

original Substrate sb0 and invader i4. 

3.2.5 Optimize the performance enhancement ratio of hybrid DNA/LNA systems 

To explore effective practices for incorporating LNA substitutions into DNA 

strand displacement systems, four original systems were investigated in Figure 3.6. 

Identical to Substrate sb0 in Figure 3.3, the control system (sy1) was entirely made from 

DNA oligonucleotides. For each system, the leakage rate and invasion rate constants 

were measured and then compared to the DNA control. For all four systems, the 

performance enhancement ratio was calculated from the ratio of the invasion rate to the 

leakage rate constants. The performance enhancement ratio of sy1 was normalized to one 

unit and showed the largest leakage rate (Figure 3.6B). In comparison, the invasion rate 

constants were equivalent for all four systems (Figure 3.6C). The total system 

performance enhancement ratio improved from ~2-fold to 9-fold (Figure 3.6D). 

In sy1, sy2, and sy3, domains 2 through 4 have identical nucleic acid 

composition. In sy2 and sy3, LNA substitutions were introduced into the reactants: 0 nt 

toehold invaders, 6 nt toehold invaders, and the Substrates. Aside from the 6 nt toehold 

region (domain 5), there is not an enthalpic change in the leakage and invasion reactions. 

While the thermodynamic driving force was equal for sy1, sy2, and sy3, the performance 

enhancement ratio of sy2 and sy3 was greater than sy1 by a factor of 1.6 and 8, 

respectively. The increased performance is attributed to an increase in the number of 

LNA nucleotides in the backbone of sy3. If the thermodynamic driving force is constant, 

the more LNA nucleotides that are introduced into the backbone of the Substrate, the 
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better the performance. As a consequence, it is projected that an all LNA system would 

outperform an all DNA system. 

 
Figure 3.6. Optimized hybrid DNA/LNA systems. (A) Strands and sequences for 

four unique systems. Black and red letters respectively denote DNA and LNA. Each 

system consists of a zero toehold invader, a 6 nt toehold invader, and a Substrate. For 

example, “sy1” denotes system 1, in which i1 is the zero toehold invader, i6 is the 6 nt 

toehold invader and sb0 is the original Substrate. (B) Leakage rate constants of each 

system. (C) Invasion rate constants of each system. (D) The performance 

enhancement ratio of each system was calculated by taking the ratio of the rate 

constants in (C) and (B). Error bars represent the standard deviation from three 

reactions with different invader concentrations. 

That being said, caution is required when incorporating LNA nucleotides into 

DNA strand displacement systems because of their strong binding affinity to 

complementary LNA or DNA nucleotides – especially for single strands.19 To minimize 

secondary structure in single stranded reactants, LNA nucleotides can be limited to the 

duplex backbone. In sy4, the single stranded reactants are DNA oligonucleotides and the 

Substrate complex has LNA nucleotides in its backbone. The performance enhancement 
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ratio of sy4 is improved by a factor of 9 when compared to the all-DNA sy1. Unique 

hybrid DNA/LNA systems are demonstrated in Section 3.8.7 with performance 

improvement as high as 50 fold. 

3.3 Conclusions 

The kinetics of incorporating LNA nucleotides into a DNA strand displacement 

system has been studied. LNA substitutions affect the kinetics of strand displacement in 

three ways. First, LNAs in the Substrates stablize the duplex probably by reducing the 

fraying frequency at the terminus of the duplex regions, which lowers the probabilty of 

successful nucleation between the Substrates and zero toehold invaders. Second, LNAs in 

the Substrates induce B-form to A-form structural changes, which may hinder the branch 

migration process. Third, LNAs in the Substrate or the invaders bias random walks 

during branch migration – which alters the probability of strand displacement to proceed. 

When incorporating LNA substitutions into a DNA strand displacement system, the 

leakage rate was reduced up to 50 fold and the invasion rate was maintained elevated. In 

comparison, kinetics for hybrid DNA/LNA systems, the performance enhancement ratio 

can be improved by a factor of 70 – providing insights for how to design future high 

performance chemical reaction networks made from DNA and LNA. By site-specifically 

substituting LNA nucleotides for DNA nucleotides, while maintaining the original 

sequence design, the performance of chemical reaction networks made from nucleic acids 

can be optimized. For example, LNAs can be strategically incorporated into different 

systems such as catalyzed hairpin assembly,36, 47 hairpin chain reaction,48, 49 DNA 

walker50 and seesaw gate systems51, 52 to minimize unwanted reactions and increase the 

rate of the desired reactions. 
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3.4 Methods 

3.4.1 Materials 

DNA and hybrid DNA/LNA oligonucleotides were synthesized with HPLC 

purification by Integrated DNA Technologies (IDT) and Exqion, respectively. Reporter 

complexes were also labeled by IDT with 5' TET fluorophores and 3' Iowa Black FQ 

quenchers. Once received, the oligonucleotides were suspended in a 1x TE buffer (10 

mM Tris–HCl, pH 8.0, 1 mM EDTA). The stock concentrations were measured from 

their 260 nm absorbance using the extinction coefficients provided by IDT and Exqion. 

To minimize loss from non-specific binding, poly T oligonucleotides were added to the 

dilute stock solutions (less than 1μM) to reach a final poly Tconcentraion of 1 μM. 

Unless stated otherwise, chemicals and solvents were purchased from Sigma-Aldrich. 

The 10x TAE buffer (40 mM Tris, 40 mM Acetate, 1 mM EDTA, pH 8.3 ~ 8.5) was 

purchased from Hoefer or Fisher Scientific. To reach a final concentration of 125 mM 

Mg2+, Mg(C2H3O2)2·4H2O was added to the 10x TAE buffer. The oligonucleotide 

components were diluted to 30 μM in a 1x TAE buffer with 12.5 mM Mg2+ and then 

annealed at 95 °C for 5 minutes using a Eppendorf Mastercycler Nexus Gradient 

Thermocycler. Once annealed, samples were cooled from 95 °C to room temperature 

over ~90 minutes to form the Substrates and Reporters used in the below listed 

experiments. 
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3.4.2 Purification 

Substrate and Reporter complexes were purified by gel electrophoresis using a 

10% polyacrylamide gel that was made from a 30% acrylamide bis solution in a 29:1 

ratio. The native gels were run for two hours at 16 °C using a 150 V bias and a VWR 

International chiller. To eliminate malformed complexes at room temperature, the 

Substrates were stoichiometrically incubated with zero toehold DNA invaders at 15 μM 

for 5 hours before loading the gel. The loading buffer was made from a 1:1 ratio of 

bromophenol blue dye and ficoll solution (Type 400, 20% water). The desired bands 

were cut from the gels and then eluted in a 1x TE/Mg2+ buffer for 2 days at 4 °C. The 

buffer included 1x TE with 12.5 mM MgCl2·6H2O (Acros Organics). Once purified, the 

Substrate and Reporter concentrations were quantified from their 260 nm absorbance. 

3.4.3 Spectrofluorimetry 

Fluorescence spectrophotometers from Agilent and Varian Technologies (Cary 

Eclipses) were used to measure the reaction kinetics. The slit sizes were set to 2.5 nm for 

the excitation (510 nm) and 10 nm for the emission (538 nm) wavelengths. All 

experiments were performed at 25 °C, in 0.4 mL glass cuvettes made from Starna Cells, 

containing a 1x TE/Mg2+ buffer, with a total volume of 0.2 mL. The final fluorescence 

was normalized to 1 arbitrary unit (a.u.) and corresponded to the lower concentration of 

the Substrate or Invader used in the experiments. 
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3.7 Supplementary Information 

3.7.1 Strand sequences 

Table 3.1 Substrate sequences (Black and red letters represent DNA and LNA 

nucleotides, respectively) 
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Subst

rate 

Signal (s) name and sequence (5'-3') Backbone (b) name and sequence (5'-3') 

sb0 TB CCACATACATCATACCATCAT 

TCATATA CCCTACC 

LB AATAAGTATCGAGAGGTAGGG 

TATATGA ATGATGG 
b1 TB CCACATACATCATA CCATCAT 

TCATATA CCCTACC 

LB AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
b2 TB CCACATACATCATA CCATCAT 

TCATATA CCCTACC 

LBm AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
b3 TB CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB3 AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
b4 TB CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBb AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
b5 TB CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBa AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
b6 TB CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBl AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
s1 TB5 CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
s2 TB

m 
CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
s3 TB3 CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
s4 TBb CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb1 TB5 CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB3 AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb2 TB

m 
CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBm AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb3 TB3 CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LB5 AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb4 TBb CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBb AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb5 TB5 CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBl AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb6 TB

m 
CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBl AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb7 TB3 CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBl AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
sb8 TBb CCACATACATCATA CCATCAT 

TCATATA CCCTACC 
LBl AATAAGTATCGAGA GGTAGGG 

TATATGA ATGATGG 
 

 

Table 3.2 Invader sequences (Black and red letters represent DNA and LNA 

nucleotides, respectively) 

Invader Sequences(5'-3') 
i1 CCATCAT TCATATA CCCTACC 
i-1 CCATCAT TCATATA CCCTACC T 
i-2 CCATCAT TCATATA CCCTACC TC 
i-3 CCATCAT TCATATA CCCTACC TCT 
i-4 CCATCAT TCATATA CCCTACC TCTC 
i-5 CCATCAT TCATATA CCCTACC TCTCG 
i4 CCATCAT TCATATA CCCTACC TCTCGA 
i-7 CCATCAT TCATATA CCCTACC TCTCGAT 
i-8 CCATCAT TCATATA CCCTACC TCTCGATA 
i-9 CCATCAT TCATATA CCCTACC TCTCGATAC 
i-10 CCATCAT TCATATA CCCTACC TCTCGATACT 
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i-11 CCATCAT TCATATA CCCTACC TCTCGATACTT 
i-14 CCATCAT TCATATA CCCTACC TCTCGATACTTATT 
  
i5 CCATCAT TCATATA CCCTACC TCTCGA 
i6 CCATCAT TCATATA CCCTACC TCTCGA 
i2 CCATCAT TCATATA CCCTACC 
i3 CCATCAT TCATATA CCCTACC 

 

Table 3.3 Reporter sequences 

Reporter 

complex 

Dye strand (5'-3') Quencher strand (5'-3') 

dq1 /5TET/CCACATACATCATACCAT

CAT 
TATATGAATGATGGTATGATGTATGTGG/3IA

BkFQ/ 
dq2 /5TET/ CCACATACATCATACCAT TATATGAATGATGGTATGATGTATGTGG/3IA

BkFQ/ 
 

3.7.2 Reaction models and rate constants 

The schematic model of the nucleic acid based, toehold mediated strand 

displacement system used in this study is shown in Figure 3.7. Unlike Figure 3.1, the 

toehold length of domain 5 on the invader (i) varies from 0 to 14 nucleotides (nt). 

Regardless, for both systems the reaction kinetics are assumed to be second order 

reactions between the invader (i) and the Substrate (sb), and the signal (s) and the 

Reporter (dq). 

i+ sb
𝑘
→ ib+ s                                                      (19) 

s+ dq
𝑘𝑑
→ d+ qs                                                     (20) 

Equation (19) is the invasion reaction shown in Figures. 3.1 and 3.7. During 

the reaction, invader i and Substrate sb combine to form Waste complex ib and 

signal s. This reaction proceeds with the rate constant 𝑘. Equation (20) is the 

reporting reaction shown in Figures. 3.1 and 3.7. During this reaction, signal s and 

Reporter dq combine to release dye d and form complex qs. This reaction proceeds 

with the rate constant 𝑘𝑑. The reverse reactions are not accounted in equations (19-
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20) and are assumed to be negligible. The Reporter reaction in equation (20) is 

much faster than the invading reaction in equation (19). The reaction rates were 

measured in Section 3.8.2. The Reporter concentration was 2 times the Substrate 

concentration and hence the fluorescence is treated as a direct measurement of the 

dye (d) concentration. 

 
Figure 3.7. Schematic of a nucleic acid based, toehold mediated strand 

displacement system. Functional domains are represented by numbers and 

complementary domains are denoted by numbers with asterisks. The Substrate 

complex includes signal (s) and backbone (b) strands, while the Reporter complex 

includes dye (d) and quencher (q) strands. Various LNA substitutions have been 

made to the signal, backbone, and invader (i) sequences in this study. The toehold 

length of domain 5 on the invader (i) varies from zero to 14 nucleotides (nt). During 

invasion, the invader hybridizes with the backbone at domain 5* and displaces the 

signal strand via three way branch migration. The invader and backbone form a 

Waste complex. The free signal strand then reacts with the Reporter complex and 

releases a dye strand, which is monitored by a fluorometer. 

The invading reaction is governed by the following rate equation: 

𝑑[s]

𝑑𝑡
= 𝑘[i][sb]                                                           (21) 

The two corresponding mass balance equations for the invading reaction are: 

[i] = [i]0 − [s]                                                        (22) 

[sb] = [sb]0 − [s]                                                      (23) 
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When combined, equations (21) through (23) yielded: 

𝑙𝑛
([sb]0 − [s])[i]0
([i]0 − [s])[sb]0

= ([sb]0 − [i]0)𝑘𝑡                                  (24) 

For the zero-toehold leakage reaction and the short toehold (0-4 nt) invasion 

reactions, the kinetics are extremely slow. For example, it would take days to 

months for the reactions to reach completion. As a consequence, the left-hand side 

of Equation 24 was plotted versus 𝑡 for the first 12 hours of each reaction. This 

approach provided a straight line with a slope of ([sb]0 − [i]0)𝑘. The leakage rate 

and short toehold rate constants were then extrated by a linear fit to the line. 

From Equation (24), one then obtains: 

[s] =
[i]0[sb]0(1 − 𝑒𝑥𝑝

[𝑡∙𝑘∙([sb]0−[i]0)])

[i]0 − [sb]0𝑒𝑥𝑝
[𝑡∙𝑘([sb]0−[i]0)]

                               (25) 

For the invading reaction, when 𝑡 → ∞ and [sb]0 < [i]0 

[s]∞ = [sb]0                                                         (26) 

[sn] =
[s]

[s]∞
=
[i]0(1 − 𝑒𝑥𝑝

[𝑡∙𝑘∙([sb]0−[i]0)])

[i]0 − [sb]0𝑒𝑥𝑝
[𝑡∙𝑘∙([sb]0−[i]0)]

                            (27) 

In comparison, the invading reactions reached completion for the invaders 

with toehold lengths greater than 4 nt. To extract the rate constants, Equation (27) 

was fit to the entire fluorescence curve.  

Similar to the invading reaction, the Reporter reaction used the following 

rate equation: 

𝑑[d]

𝑑𝑡
= 𝑘[s][dq]                                                    (28) 
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The two corresponding mass balance equations for the Reporter reaction 

are: 

[s] = [s]0 − [d]                                                    (29) 

[dq] = [dq]0 − [d]                                                  (30) 

When combined, Equations (28) through (30) yielded: 

𝑑[d]

𝑑𝑡
= 𝑘𝑑([dq]0 − [d])([s]0 − [d])                                  (31) 

In analogy with Equation (26), one has: 

[d] =
[dq]0[s]0(1 − 𝑒𝑥𝑝

[𝑡∙𝑘𝑑∙([s]0−[dq]0)])

[dq]0 − [s]0𝑒𝑥𝑝
[𝑡∙𝑘𝑑∙([s]0−[dq]0)]

                              (32) 

For the Reporter reaction, when 𝑡 → ∞ and [s]0 < [dq]0 

[d]∞ = [s]0                                                            (33) 

[dn] =
[d]

[d]∞
=
[dq]0(1 − 𝑒𝑥𝑝

[𝑡∙𝑘𝑑∙([s]0−[dq]0)])

[dq]0 − [s]0𝑒𝑥𝑝
[𝑡∙𝑘𝑑∙([s]0−[dq]0)]

                                (34) 

The fluorescence data for the Reporter complex (dq) and the signal strand 

(s) were fit using Equation (34) to extract the rate constant 𝑘𝑑 which was measured 

in Figure 3.8. A complete summary of the reaction concentrations and the rate 

constants of leakage and invasion reactions are provided below in Table 3.4 for 

various toehold lengths. 

 

Table 3.4 Reaction concentrations and rate constants 

Toehold 

Length (nt) 

Substrate Invader Reporter Rate constant (M-

1s-1) 

0 20 nM [sb0] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 1.482 
0 20 nM [b1] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.969 
0 20 nM [b2] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 1.211 
0 20 nM [b3] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 1.027 
0 20 nM [b4] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.746 
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0 20 nM [b5] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.682 
0 20 nM [b6] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.179 
0 20 nM [s1] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 1.032 
0 20 nM [s2] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.329 
0 20 nM [s3] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.338 
0 20 nM [s4] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.139 
0 20 nM [sb1] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.251 
0 20 nM [sb2] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.065 
0 20 nM [sb3] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.093 
0 20 nM [sb4] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.054 
0 20 nM [sb5] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.038 
0 20 nM [sb6] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.042 
0 20 nM [sb7] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.045 
0 20 nM [sb8] 2 µM, 4 µM, and 6 µM [i1] 40 nM [dq1] 0.029 
0 20 nM [sb0] 2 µM [i2] 40 nM [dq1] 16.498 
0 20 nM [sb0] 2 µM [i3] 40 nM [dq1] 3.998 
0 20 nM [s4] 2 µM [i2] 40 nM [dq1] 0.954 
0 20 nM [s4] 2 µM [i3] 40 nM [dq1] 0.437 
0 20 nM [s2] 2 µM [i2] 40 nM [dq1] 1.123 
0 20 nM [sb0] 2 µM [i3] 40 nM [dq1] 1.866 
0 20 nM [sb4] 2 µM [i2] 40 nM [dq1] 0.198 
0 20 nM [sb4] 2 µM [i3] 40 nM [dq1] 0.200 
0 20 nM [sb2] 2 µM [i2] 40 nM [dq1] 0.236 
0 20 nM [sb2] 2 µM [i3] 40 nM [dq1] 0.533 
0 20 nM [b6] 2 µM [i2] 40 nM [dq1] 6.893 
0 20 nM [b6] 2 µM [i3] 40 nM [dq1] 0.446 
0 20 nM [sb0] 2 µM, 4 µM, and 6 µM [i1d5] 40 nM [dq1] 1.312 
0 20 nM [sb0] 2 µM, 4 µM, and 6 µM [i1d3] 40 nM [dq1] 0.395 
0 20 nM [sb0] 2 µM, 4 µM, and 6 µM [i1db] 40 nM [dq1] 0.043 
1 20 nM [sb0] 2 µM [i-1] 40 nM [dq1] 6.798 
1 20 nM [b6] 2 µM [i-1] 40 nM [dq1] 1.980 
2 20 nM [sb0] 200 nM [i-2] 40 nM [dq1] 1.860E+02 
2 20 nM [b6] 200 nM [i-2] 40 nM [dq1] 9.712E+01 
3 20 nM [sb0] 40 nM [i-3] 40 nM [dq1] 1.425E+03 
3 20 nM [b6] 40 nM [i-3] 40 nM [dq1] 8.183E+02 
4 20 nM [sb0] 40 nM [i-4] 40 nM [dq1] 1.488E+04 
4 20 nM [b6] 40 nM [i-4] 40 nM [dq1] 9.307E+03 
5 10 nM [sb0] 40 nM [i-5] 20 nM [dq2] 2.844E+05 
5 10 nM [b6] 40 nM [i-5] 20 nM [dq2] 1.610E+05 
6 10 nM [sb0] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 7.389E+05 
6 10 nM [b1] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 8.678E+05 
6 10 nM [b2] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 9.884E+05 
6 10 nM [b3] 2 nM, 4 nM, and 6nM [i4] 20 nM [dq2] 9.061E+05 
6 10 nM [b4] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 8.859E+05 
6 10 nM [b5] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 8.936E+05 
6 10 nM [b6] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 8.084E+05 
6 10 nM [s1] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 9.502E+05 
6 10 nM [s2] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 3.018E+05 
6 10 nM [s3] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 3.100E+05 
6 10 nM [s4] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 3.305E+05 
6 10 nM [sb1] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 7.888E+05 
6 10 nM [sb2] 20 nM, 40 nM, and 60 nM [i4] 20 nM [dq2] 1.298E+04 
6 10 nM [sb3] 20 nM, 40 nM, and 60 nM [i4] 20 nM [dq2] 2.867E+04 
6 10 nM [sb4] 40 nM, 60 nM, and 80 nM [i4] 20 nM [dq2] 1.160E+04 
6 10 nM [sb5] 2 nM, 4 nM, and 6 nM [i4] 20 nM [dq2] 1.652E+05 
6 10 nM [sb6] 40 nM, 60 nM, and 80 nM [i4] 20 nM [dq2] 2.701E+04 
6 10 nM [sb7] 40 nM, 60 nM, and 80 nM [i4] 20 nM [dq2] 8.681E+03 
6 10 nM [sb8] 120 nM, 200 nM, and 300 nM [i4] 20 nM [dq2] 4.310E+02 
6 10 nM [sb0] 2 nM, 4 nM, and 6 nM [i6] 20 nM [dq1] 6.471E+05 
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6 10 nM [sb0] 2 nM, 4 nM, and 6 nM [i5] 20 nM [dq1] 6.029E+05 
6 10 nM [sb1] 4 nM [i6] 20 nM [dq1] 7.364E+05 
6 10 nM [sb1] 4 nM [i5] 20 nM [dq1] 8.319E+05 
6 10 nM [sb2] 2 nM, 4 nM, and 6 nM [i6] 20 nM [dq1] 7.452E+05 
6 10 nM [sb2] 2 nM, 4 nM, and 6 nM [i5] 20 nM [dq1] 9.532E+05 
6 10 nM [sb3] 4 nM [i6] 20 nM [dq1] 3.117E+04 
6 10 nM [sb3] 4 nM [i5] 20 nM [dq1] 4.212E+05 
6 10 nM [sb4] 40 nM [i6] 20 nM [dq1] 5.901E+04 
6 10 nM [sb4] 40 nM [i5] 20 nM [dq1] 4.230E+05 
6 10 nM [sb5] 4 nM [i6] 20 nM [dq1] 7.220E+05 
6 10 nM [sb5] 4 nM [i5] 20 nM [dq1] 7.252E+05 
6 10 nM [sb5] 4 nM [i5] 20 nM [dq1] 7.252E+05 
6 10 nM [sb6] 2 nM, 4 nM, and 6 nM [i6] 20 nM [dq1] 1.120E+06 
6 10 nM [sb6] 2 nM, 4 nM, and 6 nM [i5] 20 nM [dq1] 1.230E+06 
6 10 nM [sb7] 4 nM [i6] 20 nM [dq1] 8.101E+03 
6 10 nM [sb7] 4 nM [i5] 20 nM [dq1] 3.902E+05 
6 10 nM [sb8] 40 nM, 60 nM, and 80 nM [i6] 20 nM [dq1] 8.409E+03 
6 10 nM [sb8] 2 nM, 4 nM, and 6 nM [i5] 20 nM [dq1] 5.325E+05 
7 10 nM [sb0] 4 nM [i-7] 20 nM [dq2] 1.113E+06 
7 10 nM [b6] 4 nM [i-7] 20 nM [dq2] 1.091E+06 
7 10 nM [sb2] 4 nM [i-7] 20 nM [dq2] 2.771E+05 
8 10 nM [sb0] 4 nM [i-8] 20 nM [dq2] 1.507E+06 
8 10 nM [b6] 4 nM [i-8] 20 nM [dq2] 1.285E+06 
8 10 nM [sb2] 4 nM [i-8] 20 nM [dq2] 4.338E+05 
9 10 nM [sb0] 4 nM [i-9] 20 nM [dq2] 1.495E+06 
9 10 nM [b6] 4 nM [i-9] 20 nM [dq2] 1.506E+06 
9 10 nM [sb2] 2 nM, 4 nM, and 6nM [i-9] 20 nM [dq2] 9.939E+05 
10 10 nM [sb0] 4 nM [i-10] 20 nM [dq2] 1.536E+06 
10 10 nM [b6] 4 nM [i-10] 20 nM [dq2] 1.530E+06 
10 10 nM [sb2] 4 nM [i-10] 20 nM [dq2] 7.796E+05 
11 10 nM [sb0] 4 nM [i-11] 20 nM [dq2] 1.657E+06 
11 10 nM [b6] 4 nM [i-11] 20 nM [dq2] 1.503E+06 
14 10 nM [sb0] 4 nM [i-14] 20 nM [dq2] 1.730E+06 
14 10 nM [b6] 4 nM [i-14] 20 nM [dq2] 1.621E+06 

 

3.7.3 Kinetics of Reporters  

The reaction kinetics between Reporters dq1 and dq2 and the signal strands are 

shown in Figure 3.8. The reaction was fit to a second order reaction in equation (34). The 

rate constants for Reporters dq1 and dq2, which reacted with the signal strand, were 

much faster than the rate constants of the leakage and invading reactions (Table 3.4). 

Reporter dq1 was used to monitor the leakage and invading reactions when the invader 

toehold length was less than 5 nt. In comparison, Reporter dq2 was used to monitor the 

invading reactions when the invader toehold length was ≥ 5 nt. 



102 

 

 

 
Figure 3.8. The reaction kinetics between Reporters dq1 and dq2 and the signal 

strand. (A) Reporters and signal strand in sequence level. (B) Reporter dq1 kinetics. 

The final fluorescence intensity was normalized to one arbitrary units (a.u). The red 

dotted line is the fit. (C) Reporter dq2 kinetics. The final fluorescence intensity was 

normalized to 1 arbitrary units (a.u). The red dotted line is the fit. 

3.7.4 Control experiments 

The stability of the Reporter in the experimental buffer and the background 

reactions were monitored and are shown in Figure 3.9. The Reporter was stable in the 

reaction buffer, as shown by the black line. There was no detectable leakage between the 

Reporter and Substrates for the experimental conditions. The intensity of the Reporter 

reacting with the Substrate sb0 (blue line) went down during the reaction while the 

intensity of the Reporter reacting with the Substrate b6 (green line) only slightly 

decreased at the very beginning of the reaction and then stabilized (Figure 3.9B). This 

effect is not significant for the Substrate b6 since b6 with 15-LNA at the bottom strand is 

more stable than sb0.  
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Figure 3.9. (A) Reporter (dq1), invader (i1), Substrates (sb0 and b6) are depicted 

at the sequence level. (B) Leakage controls. The black line denotes 40 nM Reporter 

dq1. The red line denotes the reaction of 40 nM Reporter dq1 and 6 µM zero toehold 

invader i1. The blue line denotes the reaction of 40 nM Reporter dq1 and 20 nM 

original Substrate (sb0). The green line denotes the reaction of 40 nM Reporter dq1 

and 20 nM LNA substituted Substrate b6. 

3.7.5 Validating the source of leakage 

To quantify the effects of secondary structure on the leakage rates of Substrates 

s1 and s3, the probability that a base was unpaired at equalibirum was calculated for the 

original Substrate (sb0) using NUPACK – which is a thermodynamic design and analysis 

tool for nucleic acid systems that was created at Caltech.1, 2 Presented here, our NUPACK 

software settings closely mirrored the experimental conditions of the study. For example, 

the operational temperature was set to 25 °C, the Substrate concentration was set to 10 

nM, and the Mg2+ concentration was set to 11.5 nM. While Na+ was not experimentally 

added to the buffer, the Na+ concentration was set to NUPACK’s minimum required 

value of 0.05 nM. Finally, the maximum allowed components in the Substrate was set to 

a 2-component complex and the dangle option was set to “some” because the Substrate 

lacked a nick site but had extended tails. 

As shown in (C) of Figure 3.10, the availabilities of bases 1* and 21* are 0.0488 

and 0.0675, respectively. For reference, the susceptibility of the backbone at base 21* 
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corresponds to the 3' end of the invader. The larger availability indicates that the right 

versus the left side of Substrate sb0 is more susceptible to leakage. The near-zero 

availabilities, found within the interior of the duplex, also indicate that leakage is more 

probable at the terminal ends of the Substrate. 

 
Figure 3.10. Leakage kinetics. 1 a.u. is corresponding to 20 nM signal strand. (A) 

The original sequence-level Substrate (sb0) and invaders. (B) Availability of 

Substrate (sb0) backbone. (C) Leakage kinetics with zero toehold invaders with 

deletions. Invader i1d5 denotes zero toehold invader with 2 nt deletion at 5' end. 

Invader i1d3 denotes zero toehold invader with 2 nt deletion at 3' end. Invader i1db 

denotes zero toehold invader with 2 nt deletion at both 5' and 3' ends. 

Experimental results in (C) of Figure 3.10 confirm that leakage is faster on the 

right versus the left side of the Substrate (sb0). More specifically, the original invader (i1) 

was modified by deleting two nucleotides at its: (1) 5' end to create i1d5, (2) 3' end to 

create i1d3, and (3) both its 5' and 3' ends to create i1db. Compared to the original 

invader, i1d3 and i1d5 caused a 4-fold and marginal leakage reduction, respectively – 

confirming that the leakage pathway is dominated by the 3' end of the invader nucleating 
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on the right side of Substrate sb0. As expected, deletions at both ends of the invader 

(i1db) showed the strongest leakage suppression. 

In addition, when invader i1d5 reacted with Substrate sb0 the leakage rate 

constant was nearly the same as when invader i1 reacted with Substrate s1. This indicates 

that a 2 nt deletion at the 5' end of invader i1d5 is equivalent to a 2 LNA substitution on 

domain 2 of signal s1. In contrast, when invader i1d3 reacted with Substrate sb0 the 

leakage rate constant was almost the same as when invader i1 reacted with Substrate s3. 

This indicates that the effect of a 2 nt deletion at the 3' end of invader i1d3 is equivalent 

to a 2 LNA substitution on domain 4 of signal s3. In summary, nucleotide deletions at the 

ends of an invader likely reduce the probability that nucleation will occur between the 

invader and it’s Substrate. In addition, incorporating LNA substitutions on the Substrate 

can have a similar effect. 

3.7.6 The effect of toehold length on reaction kinetics 

Invasion rate constants are logarithmically plotted for three Substrates (sb0, b6, 

and sb2) versus different toehold length invaders (Figure 3.11). Substrates sb0 and b6 

show similar kinetic performance even though they have 0 and 15 LNAs on their 

backbone strands, respectively. Both Substrates exhibit an initial slope region between 0-

6 nt toehold invaders and a saturated plateau between 7-14 nt toehold invaders. The 

transition point indicates that a 6 nt toehold is sufficiently long to form a stable nuclei 

between an invader and both Substrates. If the toehold length is less than 6 nt, the 

invasion of Substrate b6 is slightly slower than the original Substrate (sb0). This 

performance change may be attributed to the additional energy that is required to break 

LNA-DNA base pairs during branch migration. In comparison, a longer toehold (i.e. 9 nt) 
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is required for Substrate sb2 to reach its saturation plateau and hence achieve equivalent 

performance as sb0 and b6. Unlike b6, the leakage reaction is thermodynamically less 

favorable because the LNA-LNA base pairs are replaced by DNA-LNA base pairs in the 

Waste complex. As a consequence, a larger toehold is likely required to overcome the 

enthalpic loss. 

 
Figure 3.11. Strand displacement rate constants and the toehold length of DNA 

invaders. sb0 is the original Substrate. b6 represents LNA substituted Substrate with 

15-LNA on backbone strand. The rate constants are plotted against different toehold 

lengths of DNA invaders. Error bars are the standard deviation of three reactions 

with three different concentrations. 

3.7.7 Hybrid systems 

To explore effective practices for incorporating LNA substitutions into DNA 

strand displacement systems, two additional systems were investigated in Figure 3.12 that 

were not included in Figure 3.6. For both systems, the leakage rate and invasion rate 

constants were measured and then compared to the DNA control (sy1) in Figure 3.6. For 

all systems in Figures 3.6 and 3.12, the performance enhancement ratio was calculated 

from the ratio of the invasion rate to the leakage rate constants. The performance 

enhancement ratio of sy1 was normalized to one unit and showed the largest leakage rate 
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(Figure 3.12). In comparison, systems sy5 and sy6 took full advantage of LNA 

substitutions during the leakage and invasion reactions. As shown in Figure 3.12, there 

are no LNA substitutions on the 0 nt toehold invader. More specifically, the leakage 

reactions are between DNA invader i1 and Substrates sb2 and sb6 with LNA 

substitutions on both systems. The dramatic leakage reduction likely comes from the 

thermodynamic penalty of the reaction and the kinetic barrier of branch migration. For 

example, the leakage reaction is thermodynamically unfavorable because the LNA-LNA 

base pairs in the Substrate are replaced by DNA-LNA base pairs in the Waste complex. 

In addition, kinetic hindrance may originate from: (1) a lower probability of hybridization 

between the zero toehold invader and the Substrates, and (2) the high energy barrier 

imposed by LNA-DNA and LNA-LNA base pairs in the Substrates during branch 

migration. In contrast, the invasion reactions are between hybrid DNA/LNA invaders and 

the Substrates. The invasion rate constants are the same as in the pure DNA control 

system (sy1). The elevated invasion rate is likely because of toehold base pairing gains 

and an unbiased random walk during branch migration. As a consequence, the 

performance enhancement of sy5 and sy6 was improved by a factor of 23 and 53, 

respectively. While not shown here, the design of hybrid DNA/LNA or pure LNA 

systems provide insights for future reaction networks made from nucleic acids. 

 
Figure 3.12. Optimized hybrid DNA/LNA systems. Strands and sequences for sy5 

and sy6 systems. Black and red letters respectively denote DNA and LNA.
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CHAPTER FOUR: FINAL CONCLUSIONS 

Nucleic acids as information-dense programming materials are the fundamental 

building blocks for non-equilibrium dynamic DNA circuits. This dissertation discussed 

the kinetic control of the dynamic circuits based on toehold mediated strand displacement 

systems. The reaction kinetics can be tuned over three orders of magnitude by site-

specifically incorporating defects into dynamic systems. Mismatched base pairs and 

chemically modified LNAs were strategically included into the circuits to decease the 

unwanted background leakage and increase the desired reactions. In addition, availability 

as a design metric was used to quantify secondary structures of single strands and reveal 

vulnerable breathing positions of duplexes. Mutual availability was also used to facilitate 

the rational design of high performance nucleic acid circuits. The detailed discussion of 

availability and mutual availability and mismatch defects was given in Chapter 2 of this 

dissertation. Strategically incorporating LNAs into DNA strand displacement systems 

was discussed in Chapter 3. 

In Chapter 2, kinetics barriers were introduced using mismatched base pairs 

between the fuel and backbone of the substrate. The leakage and catalyzed reaction rates 

for each fuel modification at the critical 5', 3', and nick sites were tested systematically. 

We found that mismatches were not the only factor that affects kinetics rates. Changes in 

the availability of each base on the fuel strand, induced by mismatch modifications, had a 

stronger effect on the kinetics of the leakage and catalytic reactions than mismatch 

identity itself. An exponential correlation between the mutual availability and the leakage 
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rate was observed independent of the mismatch identities. The leakage rate was reduced 

by a factor of 100 in a catalytic DNA strand displacement system by modifying the fuel 

strand at multiple sites to create mismatches with the backbone strand of the substrate. 

The best performance improvement of the catalytic system was a factor of 4 by using a 

single site fuel mismatch modification that was decoupled from the catalyzed rate. 

Design recommendations for improving total performance can be summarized as 

following: (1) calculate the availability and mutual availability; (2) select substrate 

sequences that lower the availability at the breathing sites (i.e. 5', 3' and nick sites); (3) 

incorporate mismatch modifications into the fuel to increase the secondary structure 

ensemble and decrease its availability, especially at nucleation sites; (4) choose mismatch 

locations that do not occur at a fuel toehold or catalyst release site, and (5) choose 

mismatch locations that do not produce secondary structure interference at the fuel 

toehold. 

Based on these recommendations, hybrid DNA/LNA systems were designed to 

optimize the performance of nucleic acid strand displacement circuits in Chapter 3. 

During the sequence design process, the base availability of the invader strand was 

maximized to minimize the unwanted secondary structure and ensure fast invasion 

kinetics. The base availabilities of the terminal ends of the substrate were minimized to 

mitigate fraying. In addition, LNA substitutions were strategically introduced to the 

substrate to further stabilize the duplex while maintaining the original sequence design.  

For the leakage reaction, the probability of nucleation between the zero nt toehold 

invader and substrate were dramatically reduced due to the thermomechanical stability of 

LNA-DNA or LNA-LNA base pairs at the terminus of the substrate. LNAs in the central 
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region of the substrate rendered a biased random walk, which discouraged the invader 

from binding to the backbone. The leakage rate constant was reduced to 0.03 M-1s-1 in a 

hybrid DNA/LNA system. For the invasion reaction, the availability of invader toehold 

was remained high to ensure fast toehold hybridizing with the backbone. High probability 

of strand displacement was sustained by extending the toehold length, substituting LNAs 

into the invader, or only incorporating LNAs into the backbone of the substrate. Overall, 

the performance enhancement ratio was improved over 50 folds by using the novel 

design metric of availability and site-specifically substituting LNAs into DNA strand 

displacement systems. 

Future work can explore ways to combine mismatched base pairs and modified 

nucleic acids into dynamic nucleic acid systems to improve the performance of 

sensitivity, selectivity, scalability and stability. In addition, NUPACK as a design tool 

can be further developed to include LNA-DNA and LNA-LNA thermodynamics, 

interactions of mismatched base pairs and pseudo-knots. The study of kinetic control of 

strand displacement by defect engineering will make contributions to the rational design 

of dynamic DNA circuits and broaden the application of DNA nanotechnology into new 

fields. 


