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1 | INTRODUCTION

Jing Chen

| MengyaHe | XinSu

Abstract

Single nucleotide variant (SNV) has become an emerging biomarker for various dis-
eases such as cancers and infectious diseases. Toehold-mediated strand displacement
(TMSD), the core reaction of DNA nanotechnology, has been widely leveraged to iden-
tify SN'Vs. However, inappropriate choice of mismatch location results in poor discrim-
ination ability. Here, we comprehensively investigate the effect of mismatch location on
TMSD kinetics by molecular dynamic simulation tool oxDNA through umbrella sam-
pling and forward flux sampling disclosing that mismatches at the border of the toehold
and branch migration domain yield the lowest TMSD reaction rate. Nine disease-related
SNVs (SARS-CoV-2-D614G, EGFR-L858R, EGFR-T790M, KRAS-GI2R, etc.) were tested
experimentally showing a good agreement with simulation. The best choice of mismatch
location enables high discrimination factor with a median of 124 for SNV and wild type.
Coupling with a probe-sink system, a low variant allele frequency of 0.1% was detected
with 3 S/N. We successfully used the probes to detect SNVs with high confidence in
the PCR clones of constructed plasmids. This work provides mechanistic insights into
TMSD process at the single-nucleotide level and can be a guidance for the design of
TMSD system with fine-tuning kinetics for various applications in biosensors and nan-
otechnology.
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dynamic DNA nanotechnology, molecular dynamic simulation, oxDNA, SARS-CoV-2, single-nucleotide vari-
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complementary hybridization is energetically favorable rather
than mismatch-contained hybridization, the thermodynamic

Single nucleotide variation (SNV) arises frequently in human
genome, of which the average density is calculated to be
1/1910 bases on average.[!l SNVs are promising biomarkers
both clinically and biologically, as single base differences in
nucleic acid sequences can lead to profound biological and
clinical consequences.’) SVNs form the genetic basis for
a variety of human diseases or can confer drug resistance
to pathogenic bacteria or viruses.*) Mutated genes in can-
cer, for example, are likely to increase drug resistance.[4]
The SARS-CoV-2 with D614G mutation is more replica-
tive and more easily transmitted.[”) Accurate identification
of SNV is of great significance for advanced diagnostics
and fundamental biological research. Although the fully

gain of many correctly paired bases can easily overcome the
thermodynamic penalty of a single mismatch.[®) This results
in low discrimination capability for SNV. Accordingly, the
development of sensitive, specific, rapid, and economical
methods for SNVs analysis is urgently needed.

Allele-specific hybridization has been integrated with
various signaling approaches, including fluorescence,!”]
solid-state nanopores,'®! single-molecule platform,!”>"]
microfluidic platform,l'°! electrochemistry,!'!! biosensor!!}
for SNV detection. Although these methods enable rapid,
portable, sensitive detection for nucleic acids, the speci-
ficity is not high to fulfill the requirement of detecting a
low variant allele frequency (VAF). Toehold-mediated strand
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MD Simulation-guided TMSD probe design for SNV detection. The choice of mismatch location in TMSD guided by oxDNA simulation

enables excellent discrimination of SNV and wild type (WT). The probes were finally applied to detect SNVs in cancer-related genes and SARS-CoV-2

displacement (TMSD), a dynamic DNA reaction at nanoscale,
is sensitive to single nucleotide mismatch and the output is a
single strand which can participate in a variety of downstream
reactions to devote to signal amplification.!’’! In a typical
TMSD, the invader strand binds to the toehold domain to
initiate branch migration thereby releasing the incumbent
strand. The presence of mismatch between invader strand
and template strand would reduce the kinetics of strand
displacement. This feature makes TMSD a powerful tool to
develop SNV detection methods.!"*] However, inappropriate
choice of mismatch location results in unsatisfied discrim-
ination ability, so far, there is lack of comprehensive study
on the effect of mismatch location.!") 0xDNA is a simplified
coarse-grained model code package to simulate the process
of dynamic DNA interaction. It has been utilized to simulate
TMSD and explore its energy landscape.'®) This platform
holds great potentials to provide guidance for the choice of
mismatch location in TMSD.

Herein, we investigated the effect of mismatch location
on TMSD kinetics by 0xDNA simulation via umbrella sam-
pling (US) and forward flux sampling (FFS). We for the
first time found that mismatches at the border of the toe-
hold domain and branch migration domain exhibit more
significant effect on kinetics than the other positions. This
observation was experimentally verified by 9 disease-related
SNVs (Scheme 1). Border mismatches render high discrim-
ination factor (DF) with a median of 124 which is superior
than currently reported results.'”) Probe-sink system!'®) was

employed to further enhance DF allowing for detecting VAF
down to 0.1%. We successfully used the probes to detect SNV's
of SARS-CoV-2 and cancer genes with high confidence in
plasmid clones (Scheme 1). Molecular dynamic (MD) simu-
lation provides new insights into TMSD kinetics. The results
hold great potentials not only in molecular diagnostics but
also in various applications of dynamic DNA nanotechnology.

2 | RESULTS AND DISCUSSION

21 | Thermodynamics of
mismatch-contained toehold-mediated strand
displacement

Model sequences were used to study the effect of mismatch on
TMSD reactions in which the toehold domain and the branch
migration domain are 7 and 21 nt, respectively. Four posi-
tions, the middle of toehold domain (Toe4), the border bases
of toehold and branch migration domain (Toe7 and BMI),
and the middle of branch migration domain (BMI11) were
chosen as representatives (Figure 1A). In fact, such TMSD
configuration and mismatch positions were commonly found
in TMSD probes for SNV detection.[”] TMSD is a thermo-
dynamically favorable process. Free energy of TMSD AG
can be calculated as the established model by using a web-
site service NUPACK.[2] A\ AG was defined as the free
energy change difference between perfectly matched TMSD
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FIGURE 1

MD simulation of mismatch-contained TMSD. (A) The choices of mismatch positions of TMSD in the model sequence. The toehold and

branch migration domain are 7 and 21 nt, respectively. (B) The prediction of differential free energy (/\ /\G) of MM-TMSD versus PM-TMSD by NUPACK
(for /\G see Table S2 in the Supporting Information). (C) Simulation of free energy landscapes for PM-TMSD and MM-TMSDs through US by oxDNA. (D)
The success probabilities to cross interfaces in TMSD by FES simulation. (E) The success probability ratio of MM-TMSD and PM-TMSD at the mismatches’
downstream neighboring bases. The conformations of the hybridization of the first downstream bases of Toe4, Toe7, BM1, and BM11 mismatches are shown.
The other conformations are shown in Figure SI in the Supporting Information

(PM-TMSD) and single mismatched TMSD (MM-TMSD)
(for details see Table S2 in the Supporting Information). As
shown in Figure 1B, there is no significant difference in ANG
for the G-G mismatches at different positions. In other words,
mismatches at different positions yield almost identical free
energy change in TMSD. Therefore, dissecting TMSD at the
single-nucleotide level can be helpful to study the effect of mis-
match positions.

We explored the energy landscape of PM-TMSD and MM-
TMSD by oxDNA platform. oxDNA is a simulation code
originally developed to implement the coarse-grained DNA
model, which has grown in popularity in recent years and
is widely used to prototype new nucleic acid nanostructure
designs, model biophysics of DNA/RNA processes, and ratio-
nalize experimental results.!”!) Each nucleotide in this model
is represented as a rigid body with specific interaction sites
that approximate the geometry and interactions of atoms

(>20) that make up each nucleotide in 0xDNA.[??] 0oxDNA
can be used to simulate the steps involved in DNA and RNA
strand displacement at a single-base level and offer a good
representation of strand displacement.['*>>3] A built-in algo-
rithm in 0xDNA, US, can extract the duration of various states
in dynamic simulation according to setting order parame-
ters. We obtained this information of the intermediate states
in TMSD given by order parameters file and weight file of
US (Tables S3-S7 in the Supporting Information), then the
relative free energy between each intermediate state were
obtained by the equation A/\G = -RTInK,y. The equilib-
rium constant K., in the equation was replaced by the ratio
of dwell time about two adjacent states.”*] The longer the
state lasts, the more likely it is to occur indicating the state
is in a lower energy. Thus, the energy landscape of TMSDs
can be obtained (Figure 1C). The dynamic simulation started
from the initial state which was confined in a box containing
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invade strand and target strand with a distance more than 4.0
(1.0 = 0.8518 nm). Bases are not paired until the distance is
less than 1. The landscape indicates that initial energy barrier
can be overcome by the base hybridization at toehold domain,
energy drops to a valley while toehold binding completes. In
branch migration domain, energy exhibits fluctuation pattern
attributed to the dynamic of base association and dissocia-
tion (Figure 1C). MM-TMSDs exhibit their own additional
energy barriers at the corresponding mismatch positions. We
found there is no significant difference between four kinds of
energy barriers (2-3 kcal mol™') which couldn’t contribute to
distinguish single nucleotide variant. Specifically, BM1 creates
the additional free-energetic penalty of 8.4 kcal mol~!, which
is significantly higher than the other types of MM-TMSD
(Figure 1C). Accordingly, BM1 might show remarkable effect
on TMSD reaction.

2.2 | Toehold-mediated strand displacement
kinetics simulation by forward flux sampling

Owing to the different barriers created by mismatches in
energy landscape, we speculated that mismatches at differ-
ent positions may exhibit different effects on TMSD kinet-
ics. The algorithm FFS in oxDNA, which describes dynamic
DNA interactions, was employed to simulate the effect of mis-
match position on TMSD kinetics.!!®?*%?4) In FFS simulation,
TMSD process is divided into individual interfaces, each inter-
face represents a single base. The success probabilities of cross-
ing each interface were recorded by available python scripts
and order parameters file (Figure 1D, Table S8 in the Support-
ing Information).

The success probability of crossing the first base Toel is low
because of the initial thermodynamic barrier. Subsequently,
the success probabilities of crossing the rest interfaces in the
toehold domain are significantly promoted owing to continu-
ous energy decline. In the stage of branch migration, the vari-
ation of success probabilities can be attributed to the reverse
reaction (Figure 1D). The success probabilities to cross mis-
matches and their downstream bases are significantly lower
than that to across paired bases. The mismatches’ downstream
bases are critical for the success of the entire TMSD. The
datasets shown in Figure 1E were defined as the success prob-
ability ratio (PR) of MM-TMSD and PM-TMSD at the mis-
matches’ downstream neighboring bases, thereby, lower PR is
referred to stronger discrimination capability for MM-TMSD
and PM-TMSD. The mismatches at Toe7 and BMI exhibit
remarkable ability to inhibit displacement of the first down-
stream base of mismatches with the probability ratios of 0.05
and 0.008, respectively. Similarly, they also significantly affect
their downstream second and third bases. This result is consis-
tent with the results of the energy landscape. The probability
ratios of the downstream bases of Toe4 mismatch are relatively
higher than those of Toe7 and BM1 mismatches. Because the
toehold bonding is a process of energy decline, the base pair-
ing in the toehold domain was less affected by the presence
of mismatch. The mismatch at BM11 shows the slightest effect

toward its downstream bases, the second and third bases even
show close probability as PM-TMSD (Figure 1E). In the mid-
dle of branch migration like BMI1, reverse reaction is more
prominent. The mismatch not only prevents the forward reac-
tion but also the reverse reaction, which accounts for the high
probabilities of the second and third bases. Single mismatch
is no longer an effective limiting factor in the middle and dis-
tal segments of branch migration. By the comprehensive anal-
ysis, it is concluded that Toe7 and BM1, the border bases of
toehold and branch migration domain, are the most efficient
mismatch positions to inhibit TMSD.

2.3 | Experimental validation of the
simulation results

Next, we used nine disease-related SNVs (SARS-CoV-2-
D614G, SARS-CoV-2-N501Y, EGFR-L858R, EGFR-T790M,
NRAS-GI2C, KRAS-GI2R, PIK3CA-HI047R, STKII-F354L,
TP53-Y220C) to validate the simulation results. Three-way
junction (TWJ) structure was used. In TW], universal
fluorophore-labeled and quencher-labeled strands can be
shared by different genes. The target sequences act as invader
strand binds to the toehold domain and release fluorescent
incumbent strands by branch migration, resulting in fluores-
cence dequenching (Figure 2A). To view the mutation via
“turn on” approach, TMSD probes were designed fully com-
plementary with SNV strand, but formed single mismatch
with WT strand. Each gene was adopted with four TMSD
probes. Different TMSD probes formed mismatches with WT
strand at the above simulated positions, Toe4, Toe7, BM1, and
BMIL.

TMSD reactions were characterized by polyacrylamide gel
electrophoresis (PAGE). Reaction products of 10 min are
shown in Figure 2B. When mismatch is located at the Toe7
position, SNV exhibits significantly higher TMSD yield than
WT. However, from the fluorescence intensity, SNV and WT
yield almost identical TMSD products after 24 h regardless of
the mismatch position (Figure 2C). These results prove that
the presence of mismatch mainly affects TMSD kinetics rather
than thermodynamics. The isothermal fluorescence kinetics is
shown in Figures S2-S10 in the Supporting Information, and
all datasets are fitted with the second order kinetic to gener-
ate experimental reaction constants (Figure S1I in the Sup-
porting Information). We defined kpysp™NY and kpysp ™'
as the reaction constants for SNV and WT, respectively, and
defined discrimination factor (DF) as the ratio of kpygp N
and kpygp VL. The distribution of reaction constants of the
nine genes against TMSD probes are shown in Figure 2D,
in which the horizontal solid line and dashed line represent
the medians and quartiles. Briefly, the probes yield relatively
lower krysp "' T if the mismatches located at Toe7 and BMI1.
The median DFs of Toe4, Toe7, BM1, and BM11 are 18.5, 124,
37.1, and 10.7, respectively (Figure 2E). Toe7 and BM1 yield
significantly high median DF values making these two sites as
the best choices for mismatch location. These results are per-
fectly consistent with the simulation results. The experimental
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FIGURE 2

Experimental verification of the results by simulation and VAF detection. (A) TW] probe for SNV detection. The probes are fully

complementary with SNV but forms single mismatch with WT. Each gene is adopted with four probes bearing mismatch at Toe4, Toe7, BM1, and BM11,
respectively. (B) Verification of TMSD products by PAGE. Mismatch was located at Toe7. (C) Fluorescence intensities of the four TMSD probes after 24 h. (D)
Experimental TMSD rate constants KTMSD of SNV and WT. (E) Discrimination factors for all tested genes. (*p < 0.05, **p < 0.01). In all violin charts of panel
d and e, the horizontal solid line and dashed line represent the medians and quartiles. (F) Fluorescence curves of TMSD probes (Toe7 mismatch) in the
presence of different percentages of SNV strands. (G) Scheme of probe-sink system. The probe a TW] structure is fully complementary with SNV and forms
single mismatch with WT. The sink a linear TMSD structure is fully complementary with WT and forms single mismatch with SNV. (H) Fluorescence curves
of probe-sink systems (Toe7 mismatch) in the presence of different percentages of SNV strands

DF values are superior or comparable with recently reported
results.['>1517:2] Although Toe4 has been wildly used in SNV
detection,?®) our study discloses that Toe7 and BMI can offer
better discrimination effect than Toe4.

2.4 | Detection of low variant allele frequency
in single nucleotide variant

The VAF corresponding to the fraction of sequencing reads
harboring the mutation varies in clinical samples. EGFR
mutant is an important cancer mutant factor with a high
mutant rate, the detection of EGFR mutant has important
clinical significance.[””] The VAF of T790M in EGFR gene, is
found as approximately 50% in clinical TKI-relapsed patients
samples.[?®] Studies have shown that D614G mutant enhances
the infectivity of COVID-19.°) D614G mutant type was
detected as 29% in COVID-19 patient samples.'>’] Therefore,
it is desired that SNV probes is capable of detection low con-

centrations of SNVs in the presence of high concentrations
of WTs. According to simulation results and experimental
validation, we demonstrated such capability of the simulated
TMSD probes by testing low VAF of SARS-CoV-2-D614G,
EGFR-L858R, and EGFR-T790M The TMSD probes which
forms mismatch with WT sequences at Toe7 position the bor-
der of toehold and branch migration domain. In all assays, the
total concentration of target sequences was fixed at 500 nm,
VAF varies from 0.1% to 10%. As shown in Figure 2F and
Figure S12A in the Supporting Information, 0.5% VAF can be
detected with 3 S/N, and signal increases as a function of VAF
from 0.5% to 10%.

To further enhance the detection capability of low VAE
we introduced probe-sink system.!?’] As shown in Figure 2G,
the probe and sink were designed TMSD probes which are
perfectly complementary with SNV and WT, respectively.
The presence of sink can effectively reduce the available WT
thereby enhancing the reaction between SNV and probe. The
prerequisite of successful probe-sink system is that TMSD
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probe has a high DF toward SNV because low DF can
induce cross-talks of probe/WT and sink/SNV.[**) Our MD-
simulated TMSD probes pose high DF which is beneficial for
operating probe-sink system. In our case, the probe is TW]
form, and the sink is double-stranded form (Figure 2G). With
the support of sink, VAF of the three genes can be detected
down to 0.1% with 3 S/N, that meets the requirement of clin-
ical low abundant VAF detection (Figure 2H and Figure S12B
in the Supporting Information).l*!

2.5 | Multiplexed detection

Multiple SNVs are commonly found in cancer-related genes
and virus.’?} Simultaneous detection of multiple mutations
significantly enhances diagnostics accuracy. Therefore, the
orthogonality of gene probes can avoid the possibility of false
positives in mixed detection. We tested SNV in four different
genes by labeling the TMSD probes with different kinds of flu-
orophore (FAM, HEX, ROX, and Cy5). The presence of DNA
from different combinations of SNVs could be inferred from
the corresponding normalized signal intensity. To our satis-
faction, little or no signal was observed in the absence of the
corresponding SNVs. Therefore, highly orthogonal detection
was achieved (Figure 3A).

2.6 | Single nucleotide variant detection in
plasmid clones

To demonstrate the feasibility of our TMSD probe for clinical
samples, we constructed plasmid with S gene in SARS-CoV-
2 and two cancer-related SNV sites (D614G and N501Y) to
mimic the corresponding nucleic acid targets in clinical sam-
ples. The same is for EGFR gene and the SNV site (L858R).
To generate single-stranded amplicons, the 5’ end of the
reverse primer was phosphorylated and A Exonuclease (1 Exo)
can recognize and digest the phosphorylated strand thereby
generating single-stranded amplicons (Figure 3B). Gel elec-
trophoresis confirms the generation of single-stranded ampli-
con of all genes (Figure S14 in the Supporting Information).
Then we detected these products by the TMSD probes (mis-
match located at Toe7), as shown in Figure 3C, SNV and WT
about these three genes are effectively distinguished.

3 | CONCLUSION

In summary, we utilized MD simulation platform oxDNA
to guide the design of the TMSD probe for highly specific
SNV detection. The energy landscape and forward displace-
ment probability disclose that mismatches located at the bor-
der of toehold and branch migration domain show a stronger
inhibitory effect of TMSD than the other positions. Nine
genes were tested by fluorescence assay showing consistency
with the simulation results. Low abundance of variants can

be detected down to 0.1% with 3 S/N by employing the
probe-sink system. High orthogonality of the probe system
allows for simultaneous detection of SNVs in multiple genes.
TMSD has been widely used for SNV detection, however,
the choice of mismatch location varies resulting in unsta-
ble and unsatisfied SNV specificity. This work for the first
time provides theoretical and experimental evidence for the
choice of mismatch location. Furthermore, TMSD as a pow-
erful tool in dynamic DNA nanotechnology has been widely
exploited to construct DNA computing, logic devices, and
drug delivery. Fine-tuning of TMSD kinetics by mismatch
holds great potential for developing smart and versatile DNA
nanosystems.

4 | EXPERIMENTAL SECTION

4.1 | Materials and reagents

All oligonucleotides were purchased from Sangon Biotech
(shanghai) Co., Ltd. Functionalized strand were purified by
HPLC and other unmodified oligonucleotides were purified
by PAGE. The sequences were listed in Table S1in the Support-
ing Information. The 10XTAE buffer (400 mm Tris, 200 nm
CH;COOH, 20 mm EDTA, 50 mm Mg>*) was prepared and
stored at 4 °C. The A exo was obtained from New England Bio-
labs (NEB). DNase/RNase-free deionized water was used in all
experiments.

4.2 | oxDNA simulation

TMSD was simulated through US and FFS by using 0xDNA,
which is a coarse-grained MD simulation software pro-
gram. oxView was used to build TMSD structures. We can
autonomously adjust the position and orientation of each
base and the DNA nanostructures are more intuitively shown
in a graphical way. The initial simulation files for oxDNA,
“prova.top” and “prova.dat,” are both generated from oxView.
After the initial simulation files were prepared, we set the
hydrogen bonding strength for the specific mismatch base
pair. The line in code, “HYDR_A_T” and “HYDR_C_G,” are
positive number representing normal right base pairs’ hydro-
gen bonding strength, a code “HYDR_G_G = —5.00” was
written in the file specifying base dependencies. This indicates
the mismatch base pair G-G cannot form normal hydrogen
bonds. We firstly simulated TMSD by US under the “VMMC”
type, PM system and four MM systems used different order
parameters corresponding to weight settings (Tables S3-S7 in
the Supporting Information). And free energies were calcu-
lated from the sample data. Then we used python scripts to
run FFS in oxDNA because FFS is a process of repeated TMSD
and possibilities of passing through each set interface were
recorded (Table S8 in the Supporting Information). And we
could compare the effects of mismatches at different positions
on TMSD.
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Multiplexed detection and SNV detection in plasmid clones. (A) Results of multiplexed detection. "Plus’ and ‘minus’ symbols represent the

SNV and WT of the corresponding genes. The raw fluorescence curves are shown in Figure S13 in the Supporting Information. The fluorescence intensities of

the products and reactants of TMSD reaction were normalized as ‘1’ and ‘0’ for each color. (B) Procedures for SNV detection in plasmid. Regions of interest are
amplified by PCR, the 5 end of the reverse primers are phosphorylated. A Exo was used to generated single-stranded DNA targets. (C) Fluorescence curves of
SNV detection in PCR amplicons. All experiments were performed with three replicates

4.3 | Characterization of the products of
toehold-mediated strand displacement products
by polyacrylamide gel electrophoresis

The products of TMSD reactions were verified by native
10% PAGE (29:1 acrylamide/bisacrylamide). 0.5XTBE bulffer
(44.5 mm Tris, 44.5 mMm Boric acid, 1 mm EDTA, pH 8.0) was
used in PAGE. Each sample (5 uL, 100 nm) was mixed with
6xloading buffer (2 uL), then added in the gel hole of elec-
trophoresis. All samples were run at 120V for 50 min. After
10 min of staining in SYBR GOLD (Invitrogen) dissolved in
0.5XTBE buffer, the gel was photographed with a gel imaging
system (Tanon-2500BR).

4.4 | Real-time detection of fluorescence

DNA probes were prepared by mixing the corresponding
single strands with equal concentrations (1 um) in Mg>*-
containing 1XTAE buffer (40 mm Tris, 20 mm Glacial acetic
acid, 2 mm EDTA, 5 mm Mg?*) in PCR tubes (20 uL). The

initial reaction systems were annealed in a PCR thermal cycler
from 90 to 37 °C at a slow rate. Then target strand was added
and fluorescence was recorded immediately in a real-time
fluorescence quantitative PCR cycler (Rotor-Gene Q, Qia-
gen, Germany) at 25 °C using a gain of 8 and time interval
of 5.

4.5 | Single nucleotide variant detection in
plasmid clones

The plasmids were constructed with S gene in SRAS-CoV-2
and EGFR gene in cell genome, including mutant type and
wild type. To a PCR tube (200 uL), forward primer (2.5 uL, 10
um), reverse primer (2.5 uL, 10 um), plasmid (1 uL, 1 ng uL ™),
Q5 High-Fidelity 2X Master Mix (25 uL) were added and the
total volume was brought up to 50 uL by ddH2O. PCR proce-
dure (98 °C for 10 s, 55 °C for 30 s, 72 °C for 30 s, 28 cycles)
was performed in a PCR thermal cycler. After the PCR ampli-
fication, 4 Exo (1 uL, 250U) is added to degrade the single
strand containing 5'-PO, in the duplex products for 30 min at



sos | Feploration

37 °C. Then mutant type and wild type were combined with
corresponding prepared DNA probes (100 nM) to detect in
real-time fluorescence quantification.
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