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ABSTRACT

The hybridization and dehybridization of DNA sub-
ject to tension is relevant to fundamental genetic pro-
cesses and to the design of DNA-based mechanobi-
ology assays. While strong tension accelerates DNA
melting and decelerates DNA annealing, the effects
of tension weaker than 5 pN are less clear. In this
study, we developed a DNA bow assay, which uses
the bending rigidity of double-stranded DNA (dsDNA)
to exert weak tension on a single-stranded DNA (ss-
DNA) target in the range of 2–6 pN. Combining this
assay with single-molecule FRET, we measured the
hybridization and dehybridization kinetics between
a 15 nt ssDNA under tension and a 8–9 nt oligonu-
cleotide, and found that both the hybridization and
dehybridization rates monotonically increase with
tension for various nucleotide sequences tested.
These findings suggest that the nucleated duplex in
its transition state is more extended than the pure ds-
DNA or ssDNA counterpart. Based on coarse-grained
oxDNA simulations, we propose that this increased
extension of the transition state is due to steric re-
pulsion between the unpaired ssDNA segments in
close proximity to one another. Using linear force-
extension relations verified by simulations of short
DNA segments, we derived analytical equations for
force-to-rate conversion that are in good agreement
with our measurements.

INTRODUCTION

DNA strand separation or unzipping followed by anneal-
ing or rezipping is commonplace in many fundamental ge-
nomic processes such as homologous recombination and R-
loop formation (1–6). Although genomic processes inside
the cell are orchestrated by motor proteins or enzymes, they
are thought to be aided by intrinsic dynamics of the under-
lying genomic DNA (7–11). Therefore, thermally-induced
separation of duplex DNA into single strands and its re-
verse reaction may play an important role in active genomic

processes. For example, in both prokaryotic and eukary-
otic genomes, origins of replication commonly feature a 10–
100 bp DNA unwinding element, whose weak duplex sta-
bility determines origin function (12–14). In CRISPR-Cas
systems, melting is a rate-limiting step for Cas9 target selec-
tion, and has also been found to induce off-target binding
and cleavage (15–17).

The melting probability of a duplex region depends not
only on its sequence (18), but also on the local stress (18–
22). The genomic DNA in vivo is seldom in a relaxed state,
but rather is subjected to various forms of stress: bending,
twisting, and tension. Several DNA force spectroscopy ex-
periments have carefully explored how melting is affected by
a strong artificial tension (23–26), but the effect of weak ten-
sion (<5 pN), which is arguably more relevant to genomic
processes in vivo or DNA-based systems in vitro, is less clear.
Forces in this range can be exerted on a duplex region dur-
ing active processes such as loop extrusion by SMC com-
plexes (27,28) and also by thermal fluctuations of flanking
DNA segments (29). Molecules involved in cell mechan-
otransduction also regularly experience forces at this scale
(30). Therefore, understanding the effect of weak tension
on DNA hybridization/dehybridization can elucidate the
physical regulation of genomic processes, and aid our design
of DNA-based force sensors and actuators for the study of
cell signaling mechanics (31–36) and the control of DNA
nanostructures (37,38).

In general, the force (f) dependence of two-state bind-
ing and unbinding kinetics can be modeled with a one-
dimensional extension coordinate x as (39,40)

kα( f ) = kα(0) exp
(∫ f

0
�x‡( f ′)d f ′/kBT

)
, (1)

where k� is the rate constant for binding (� = on) or
unbinding (� = off), �x‡ is the extension of the tran-
sition state (x‡) relative to the unbound (xu) or bound
state (xb), and kBT is the thermal energy. If the transi-
tion state is more extended than the bound state by a
constant (�x‡ > 0), Equation (1) yields the well-known
Bell’s formula (41): koff ∼ exp (f�x‡/kBT), which pre-
dicts that koff monotonically increases with force. For
DNA hybridization/dehybridization, the transition state
is thought to be a nucleated duplex that contains both
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Figure 1. Force-dependent DNA extension. (A) A proposed model for how
the extension of a duplex differs between small and large forces. The elas-
ticity of the bound state is rigid, and therefore its extension xb is mostly
unaffected by force. On the other hand, the transition state may be more
flexible, in which case its extension x‡ will be force-dependent. In this case,
worm-like chain models predict that at large forces, x‡ > xb, whereas at
small forces x‡ < xb. (B) Force generation with a DNA bow. A bent bow-
like duplex of variable length exerts tension on a 15 nt ssDNA target (bow-
string), extending the strand.

single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) (42–44). According to the worm-like chain model,
ssDNA, whose persistence length (P) is ∼1 nm, behaves
like a flexible chain in the low force regime (f < kBT/P
∼ 5 pN) (45). It is thus conceivable that the transition
state could be less extended than the pure dsDNA state in
the low force regime (Figure 1A and Supplementary Fig-
ure S1). Based on this idea, it was recently proposed that
koff(f) can decrease with force until f ∼ 5 pN before in-
creasing in the high force regime (40,46,47). This counter-
intuitive effect known as ‘roll-over’ was predicted in a recent
single-molecule fluorescence-tweezers experiment (48), but
the limited data leave the conclusion in question. Further-
more, how the extension of the nucleated duplex in the tran-
sition state compares to that of dsDNA in the bound state
and pure ssDNA in the unbound state is not known.

Here, we developed a DNA construct dubbed ‘DNA bow’
(Figure 1B) to exert tension in the range between 2 and 6 pN
on a short DNA oligonucleotide. The DNA bow is com-
posed of a dsDNA segment (arc) of variable size (∼100 bp)
and a short ssDNA target (bowstring); during an exper-
iment, a complementary ssDNA probe binds to and un-
binds from this bow target. Combined with single-molecule
FRET, DNA bows allow for high-throughput measure-
ments of DNA hybridization and dehybridization kinetics
in the low-force regime, using a conventional TIRF mi-
croscopy setup (Figure 2). Thus, this assay complements
low-throughput, calibration-heavy tweezers (48,49). Using
the DNA bow assay, we measured the hybridization and
dehybridization rates of four DNA-DNA homoduplexes
(lengths ranging from 8 to 9 bp) as well as their corre-
sponding RNA–DNA heteroduplexes. Overall, the mea-
sured dehybridization (unbinding) rate monotonically in-
creased with force with no clear sign of roll-over, and the
measured hybridization (binding) rate also increased with
force. In agreement with these experimental results, our sim-

Figure 2. FRET-based DNA bow assay. (A) Schematic of DNA bow as-
say FRET setup. Cy3-labeled DNA bows are immobilized on a PEGy-
lated coverslip and excited by an evanescent wave of a 532-nm laser using
TIRF microscopy. The inset highlights the ssDNA sequence (TGAAAT-
TAC) targeted by the Cy5-labeled probe (GTAAATTCA). To avoid addi-
tional stacking interactions between the probe and the DNA bow, the 9 nt
target segment was flanked by 3 nt ssDNA gaps (highlighted orange) in all
construct designs. (B) Example FRET efficiency traces for three different
dsDNA arc lengths (210, 105, 74 bp) exerting three separate forces (1.8,
3.8, 6.3 pN, respectively). FRET histograms are shown right. Binding and
unbinding rates are extracted from the mean dwell times of low and high
FRET states respectively.

ulations reveal that hybridization and dehybridization of
short oligonucleotides transition through a maximally ex-
tended state, and as a result both processes are accelerated
in the low force regime. We attribute the higher extension of
the transition state to steric repulsion, which prevents the ss-
DNA overhangs of the nucleated duplex from coiling. Our
simulations also reveal that the force-extension relations of
bound, unbound, and transition states are linear, which en-
ables derivation of simple equations for force-to-rate con-
version. Our findings are consistent with those of a previ-
ous study (48) using optical tweezers and further reveal the
extended nature of the transition state.

MATERIALS AND METHODS

Preparing DNA bows

DNA bow molecules were constructed and labeled with a
FRET donor (Cy3) and a biotin linker in 5 steps (Figure 3):
(1) template generation, (2) modifier incorporation, (3) cir-
cularization, (4) nick generation and (5) strand exchange.
Most notably, DNA bending protein HMG1 was used to
facilitate intramolecular ligation of short DNA molecules
(50).

In Step 1, polymerase chain reaction (PCR) was used to
create a set of seven different DNA templates with lengths
ranging from 74 to 252 bp (Supplementary Figure S2,
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Figure 3. DNA bow construction. DNA bows were constructed in five
steps. First, uniquely sized templates were generated with PCR from a com-
mon source. Using these templates, two sets of molecules (2a and 2b) were
amplified with modified primers via PCR. DNA minicircles were then cre-
ated from the phosphorylated 2a molecule set using protein-assisted DNA
self-ligation. Afterward, DNA minicircles were purified and nicked on the
unmodified strand. The final DNA bow constructs were finally constructed
by exchanging the nicked strand of circularized 2a molecules with the Cy3-
labeled 2b molecule.

Supplementary Table S1), using yeast genomic DNA as
the source. The PCR primers were designed such that all
seven templates shared adaptor sequences at their ends. In
Step 2, using these templates, two additional PCR reactions
were performed to create two sets of molecules, with each
reaction using modified primers that anneal to the adap-
tor regions of the template. The first reaction produced a
set of molecules with phosphorylated 5

′
ends and an inter-

nal biotin-dT label for surface immobilization, as well as a
15 bp extension, consisting of a 9 bp target segment flanked
on both sides by (dT)3 spacers. The second reaction pro-
duced donor-labeled (Cy3) molecules with a sequence iden-
tical to the original templates, which is 15 bp shorter than
the first PCR product. All oligonucleotides were purchased
from Eurofins MWC Operon and Integrated DNA Tech-
nology. All PCR products in the first and second steps were
inspected by gel electrophoresis and extracted using a PCR
clean-up kit. In Step 3, we circularized the phosphorylated
molecules. To increase circularization efficiency, molecules
were briefly incubated at 15 nM with 0.75 �M DNA bend-
ing protein HMG1 (Sigma Aldrich) in T4 ligase buffer
for 10 min. Afterward, T4 ligase was added and the reac-
tion volume was incubated overnight at 15◦C. The reaction
was stopped via heat inactivation, after which T5 exonucle-
ase was added to remove linear inter-molecular or nicked
intra-molecular ligation products. Finally, Proteinase K was
added to remove any protein leftovers. The remaining circu-
lar molecules were purified and concentrated using ethanol
precipitation. In Step 4, the unmodified strand of our circu-
lar molecules was nicked using Nb.BbvCI in 1× CutSmart
buffer (NEB). After circularization and nicking, the result-
ing product was visualized and purified on a native poly-
acrylamide gel (6%, 29:1 acrylamide to bis-acrylamide in
0.5× TBE buffer) , which appeared as a a single, isolated

band as shown in Supplementary Figure S3. The bands
were extracted using a simple ‘crush-and-soak’ method,
and then concentrated using the same ethanol precipita-
tion method as before. In Step 5, a strand-exchange reac-
tion was performed, replacing the nicked strand on each
circular molecule with the corresponding donor-labeled lin-
ear strand. Circular molecules were mixed with the donor-
labeled linear molecules at a 4:1 ratio, briefly heated to 95◦C,
and gradually cooled down to 4◦C.

DNA bow assay

Microscope slides with pre-drilled holes and coverslips were
cleaned by sonicating in deionized water, drying in a vac-
cuum chamber, and 5-minute etching in a plasma chamber.
The cleaned slides and coverslips were then passivated with
PEG (polyethylene glycol) to minimize nonspecific bind-
ing. After PEGylation, the flow cell was assembled by join-
ing the slide and the coverslip with double-sided tape and
epoxy glue. The flow cell interior was incubated with Neu-
trAvidin followed by 50 �L of 40 pM DNA bow solution.
Each measurement began after perfusing 20 nM of ssDNA
probe solution into the flow chamber. The temperature of
the flow chamber was maintained at 22◦C using an objec-
tive lens temperature controller. For each molecule, a high
Cy3 signal (low FRET) indicates a DNA bow in the un-
bound state, while a high Cy5 signal (high FRET) indi-
cates a DNA bow bound with the probe (Figure 2). Bound
and unbound lifetimes of approximately ∼100 immobilized
molecules were collected in each trial; 2-4 trials were per-
formed for each bow size. All data was collected on an
objective-based TIR microscope with an EMCCD cam-
era (DU-897ECS0-BV, Andor). Frame times varied from
50 to 1000 ms, depending on the duplex sequence. The imag-
ing buffer contained 100 mM NaCl, 100 mM Tris (8 pH), a
triplet state quencher (1 mM Trolox), and the protocate-
chuic acid (PCA)/protocatechuate-3,4-dioxygenase (PCD)
system (51). Using this system, photobleaching was negligi-
ble at all donor excitation power settings and camera acqui-
sition times used in our experiments (Supplementary Fig-
ures S4 and S5).

Data analysis

For each trial, time trajectories of FRET values were ex-
tracted from surface-immobilized molecules with in-house
Matlab codes. Briefly, we calculated the FRET signal for
each molecule from the background-subtracted intensities
of the donor signal (ID) and the acceptor signal (IA) with
IA/(IA + ID). Next, we filtered FRET trajectories with a
moving average, and used FRET signal thresholding to
mark discrete transitions between the two FRET states. The
dwell times in the bound (‘on’) state (high-FRET state) and
the unbound (‘off’) state (low-FRET state) were collected
from each FRET trajectory. The binding rate (kon) and the
unbinding rate (koff) were calculated from the mean dwell
times (� ) using kon = ([c]� off)−1 and koff = τ−1

on , where [c]
is the concentration of Cy5 labeled probes. Typically, ∼150
trajectories were used for each rate measurement.
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Estimating the tensile force exerted by a DNA bow

To estimate the tension exerted on the ssDNA bowstring,
we treated the dsDNA arc as a worm-like chain. The force
f exerted by a worm-like chain along its end-to-end direc-
tion at distance x0 can be calculated from the end-to-end
distance (x) distribution p(x) of the chain according to

f (x0) = −kBT
∂ log p(x)

∂x

∣∣∣
x0

. (2)

For p(x), we used an interpolated formula (Supplementary
Equation S3), which is accurate for a wide range of bending
stiffness values (52).

With our bow design, x0 also corresponds to the equilib-
rium extension of the ssDNA bowstring, and therefore its
value will depend on both the bow size as well as whether
the probe is bound to the complementary target segment.
To find a realistic value of x0, we performed oxDNA2 sim-
ulations (53–55) for all possible combinations of bow size,
target sequence, and probe state (bound or unbound). DNA
bows bound to an RNA probe were not simulated; while
oligomeric RNA-DNA duplexes have a slightly smaller he-
lical rise (56), the overall effect that this difference would
have on the force is negligible. Each MD simulation was
run for t = 1.52 �s, using a time step of 15.2 fs. For each
trajectory n = 1 × 105 configurations were saved in 15.2 ps
evenly spaced intervals. Using these saved configurations,
we calculated the extension x, defined as the distance be-
tween the bases located at the terminal ends of the dsDNA
bow and linked to the ssDNA target strand. The exact lo-
cation of each terminal base was specified by its center of
mass. Afterward, we calculated the mean extension (x) and
standard deviation �(x) for each molecule’s x distribution,
to estimate x0 and its associated uncertainty respectively
(Supplementary Table S2, Supplementary Figure S6). The
tensile force f (x) was then calculated using Equation (2),
and the uncertainty in the tensile force was estimated with

�(x) by propagation of error, using ∂ f (x)/∂x
∣∣∣
x
· σ (x). Ad-

ditional details regarding WLC parameters and oxDNA2
simulations are provided in Supplementary Materials (84).

We also considered how sequence dependent intrinsic
curvature would affect the force values. For this purpose,
we used the rigid base pair model with nonzero intrinsic val-
ues for roll and tilt (57). The ground-state conformations of
all bow sizes predicted by this model are shown in Supple-
mentary Figure S7A. To calculate the elastic forces exerted
by these intrinsically curved DNA bows, we minimized the
following multi-variable energy function using the gradient
descent method:

E{xi } =
3N−3∑
i=1

βi (xi − xi,0)2 + κ (r{xi } − r0)2 . (3)

This energy function represents the total energy of the DNA
segment in the presence of a spring with stiffness � that
restrains the distance r between the two sticky ends to a
small value r0. xi is the roll, tilt, or twist rotation angles of
each base pair step while �i and xi, 0 are the correspond-
ing stiffness parameter and ground-state angle, respectively.
The force exerted on the target strand by the DNA arc can
be estimated from the force exerted by the restraining spring

evaluated with the set of values {x̃i } that minimizes E

f ≈ 2κ (r{x̃i } − r0) . (4)

The minimization was initiated from a DNA conformation
that is uniformly curved toward an arbitrary rotational reg-
ister angle (58). We randomly varied this angle to sample
different initial conformations. The mean and standard de-
viation of these forces are presented in Supplementary Fig-
ure S7B. Although the force values calculated this way do
not account for the entropic fluctuations of the DNA arc,
they are still similar to the values calculated from the full
partition function in the short length regime.

Observing the force-extension behavior of near-transition
oligoduplexes

To measure the force-extension behavior of a nucleated
oligoduplex near its binding or unbinding transition, we
performed a series of MD simulations using the ‘mutual
trap’ external force tool provided with oxDNA2. We simu-
lated the target strand in four states: the ‘probe-bound’ state
(9 bp), the ssDNA ‘probe-unbound’ state (0 bp), a transi-
tion state with 1 bp remaining at the 3

′
end of the duplex,

and a transition state with 1 bp remaining at the center. In
the transition state simulations, the remaining terminal or
middle base pair interaction was strengthened 10-fold, while
all other base pairing interactions were set to zero. For all
simulations, the ends of the target strand were connected
by a harmonic spring with stiffness k = 57.1 pN nm−1 (1
simulation unit) and relaxed extension x0, such that the the
tension f and extension x of the strand could easily be re-
lated using f = −k · (x − x0). Similar to our DNA bow sim-
ulations, the extension x was defined as the distance be-
tween the center of mass of each terminal base on the tar-
get strand. This definition includes 6 nucleotides flanking
the probe-binding region to match the target strand in our
DNA bow. For each state, we performed MD simulations
for a small range of x0 values, such that the corresponding
forces approximately spanned the force range of our DNA
bows. For comparison, we plot the force-extension behav-
ior of the target strand extended by a harmonic spring or
a DNA bow in Supplementary Figure S8. Each simulation
was performed for t = 1.52 �s using a time step of 15.2 fs.
n = 105 pairs of force and extension values were then cal-
culated from configurations collected in 15.2 ps intervals
evenly spaced across the MD trajectory.

Sampling the free energy landscape of a melting duplex sub-
ject to weak tension

The free energy of a 9 bp oligoduplex during its binding or
unbinding transition was sampled by performing virtual-
move Monte Carlo simulations (VMMC) with oxDNA2.
To capture how short duplex dynamics are coupled with
force, we sampled the landscape using two distinct reaction
coordinates: the extension x of the target strand, and the
number of remaining base pairs nbp in the probe-target du-
plex. The two-dimensional free energy landscape was then
calculated using:

G(x, nbp; f ) = −kBT log peq(x, nbp; f ) + C. (5)
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Here, peq(x, nbp; f) is the probability of observing the given
parameter values in equilibrium, and C is a constant in-
dependent of x and nbp (59). Molecular configurations
were binned along the x direction in 0.1 simulation unit
(0.085 nm) intervals; nbp values were defined as the number
of remaining nucleotide pairs with hydrogen bonding en-
ergy less than –0.1 simulation units (1 kBT at 22◦C). To en-
sure that all of the intermediate nbp states were well-sampled
and thereby accelerate transition reactions, we implemented
umbrella sampling; for each base pair value nbp, a unique
bias value W(nbp) was applied to the system’s Boltzmann
distribution. W(nbp) was set to increase exponentially with
nbp (specific values are tabulated in Supplementary Table
S3). After running a simulation, we calculated the equilib-
rium probability of each nbp state using:

peq(x, nbp; f ) = pbiased(x, nbp; f )
W(nbp)

. (6)

For each simulation, we applied a unique constant tension
value to the target strand. Force values ranged from 1 to
7 pN in 1 pN increments, fully spanning the range of our ex-
perimental assay. To more closely resemble our experiments,
tensile forces were oriented along the instantaneous end-to-
end vector of the target strand, rather than along an arbi-
trary spatial coordinate. Each simulation was performed for
2 × 109 steps; additional simulation details and parameters
are provided in the Supplementary Materials.

RESULTS AND DISCUSSION

Using the DNA bow assay, we measured the binding and
unbinding rates of a short DNA or RNA (8- or 9-nt)
oligonucleotide to a weakly pulled complementary target
strand (15 nt). The measured binding (kon) and unbind-
ing (koff) rate constants thus reflect hybridization and de-
hybridization transitions of a short DNA homoduplex or
DNA/RNA heteroduplex. Our DNA bow assay exploits
the bending rigidity of dsDNA to generate small forces
and is conceptually similar to the force clamp implemented
with DNA origami (60) and a loop-based force transducer
(61). An identical DNA construct has also been used in
other studies (62,63). Our DNA bow assay offers unique
advantages over other single-molecule force assays such as
optical and magnetic tweezers in that (1) force measure-
ments can be performed on many molecules in parallel, and
(2) all molecules experience the same force, free of bead-
dependent heterogeneity. We created 21 DNA bows in to-
tal (Supplementary Figure S2), including seven different ds-
DNA lengths (74, 84, 105, 126, 158, 210 and 252 bp) for
the elastic arc segment and 3 unique sequences for the com-
plementary segment of the ssDNA target. The DNA bow
was further designed such that only the desired gapped
DNA circle can generate the FRET signal from the sur-
face upon probe binding (Supplementary Figure S9). While
sharp bending is known to disrupt the helical structure of
circular DNA by generating ‘kinks’, these deformations do
not appear in circles larger than 84 bp (64). Therefore, kink-
ing is expected to be negligible even for our smallest DNA
bow size, which includes a flexible 15 bp ssDNA segment in
addition to its 74 bp dsDNA arc. We thus treat the DNA arc
as a simple worm-like chain to calculate the force exerted

on the target strand (see Methods), which is in the range
of 1.70–6.34 pN in the unbound state and 1.6–6.25 pN in
the bound state. Although direct force calibration of our
DNA bows is experimentally infeasible, a few observations
validate the accuracy of our force calculation: (i) the zero-
force extrapolation based on the calculated forces matches
the experimental data obtained in the absence of force in our
previous study (65) and our current study (Supplementary
Figure S10) and (ii) the uncertainty in our force calculation
due to sequence-dependent intrinsic curvature of DNA is
insignificant (Supplementary Figure S7).

Binding and unbinding rates versus force

In Figure 4, we present the measured force dependence of
kon and koff for four DNA-DNA duplexes (left column)
and four RNA–DNA duplexes (right column). The scale
of y-axis is set as logarithmic to aid comparison to Equa-
tion 1. Each RNA sequence is identical to a correspond-
ing DNA sequence, except for T to U substitution. As
shown in Figure 4A, kon tends to increase with force over
the measured force range. The relative increase in kon is
sequence-dependent: the increase is relatively large for AG-
GACTTGT but small for GTAAATTCA. The relative in-
crease or dynamic range is quantified by taking the ratio
of the rate at the highest force to that at the lowest force
(Figure 4C). This sequence-dependence was also observed
in RNA-DNA duplexes, with each heteroduplex approxi-
mately matching the behavior of its corresponding homod-
uplex. However, the sequence-dependence of the binding
dynamic range is largely determined by the relative increase
seen in kon from 0 to 3 pN. Beyond this point, the slope of
kon decreases significantly, and appears to reach a plateau
above 6 pN.

The most significant result from Figure 4A is that kon, the
binding rate of the probe to its complementary target, be-
comes faster, not slower, as the tension in the target strand
increases. This result stands in contrast to previous rates
observed at higher forces, such as those observed for DNA
hairpin folding (66–68), but is consistent with the result of a
previous study (48) using a similar pulling geometry at low
forces. By differentiating the logarithm of Equation 1 with
respect to force, we can relate the slope of curves in Fig-
ure 4A to �x‡, which is the extension of the transition state
(x‡) relative to the unbound state (xu):

d log kα( f )
d f

= �x‡( f )
kBT

. (7)

The overall non-negative slope in Figure 4A indicates that
the transition state for hybridization is more extended than
the unbound state (x‡ > xu) in the range of 2-6 pN.

The force dependence of koff is shown in Figure 4B. Com-
pared to kon, the dynamic range for koff is somewhat uni-
form at 2-fold across all DNA-DNA and DNA-RNA du-
plexes (Figure 4C). The apparent slope is mostly positive
except between a few points below 2 pN, which implies that
the roll-over effect or catch-to-slip transition is negligible.
According to Equation (7), the slope of curves in Figure 4B
is proportional to �x‡ for dehybridization, which is the ex-
tension of the transition state (x‡) relative to the bound state

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad118/7068368 by guest on 05 M

arch 2023



6 Nucleic Acids Research, 2023

Figure 4. Experimental results. (A) Binding rate vs. force. The plots on the left (right) column are for DNA (RNA) probes. The y-axis is on a logarithmic
scale over the same 5.8-fold change for all probe sequences. (B) Unbinding rate vs. force. The plots on the left (right) column are for DNA (RNA) probes.
The y-axis is on a logarithmic scale over the same 2.4-fold change for all probe sequences. Vertical error bars for binding and unbinding rates represent
the standard error of the mean. Going from top to bottom, the average number of molecules observed in each DNA probe trial was 178, 81, 189 and 145;
the average number of molecules observed in each RNA probe trial was 159, 63, 207 and 107, respectively. Horizontal error bars were calculated using
∂ f (x)
∂x

∣∣∣
x

· σ (x), where x and �(x) are the mean and standard deviation of the bow’s end-to-end distance distribution. The fits based on our phenomenological

model are shown in red. (C) The dynamic range of all measured rates. The dynamic range was obtained by dividing the rate at the highest force by that at
the lowest force; the associated error was calculated by propagating the uncertainty in the underlying rates.

(xb). From this, we conclude that the transition state for de-
hybridization is more extended than the bound state (x‡ >
xb) in the range of 2–6 pN.

Since the first-order rate constant koff is concentration-
independent, it can be compared across different sequences.
When compared at the same force, koff was in the or-
der of GTAAATTCA > AGGACTTG = CAAGTCCT
> AGGACTTGT from fastest to slowest. When a sin-
gle nucleotide was removed from the 3

′
end of AG-

GACTTGT, koff increased as expected from the weaker
base pairing interaction. Between AGGACTTG and its
reverse complement CAAGTCCT, koff remains the same,
which implies that for a DNA–DNA homoduplex, koff
is similar regardless of which strand is subject to ten-
sion. koff for RNA-DNA duplexes (Figure 4A, right) sim-
ilarly showed a strong sequence-dependence, in the order
of GUAAAUUCA>CAAGUCCU>AGGACUUG>AG
GACUUGU. In two cases (AGGACUUGU and AG-
GACUUG), RNA-DNA heteroduplex was longer-lived
than its homoduplex counterpart, but in the other two
(GUAAAUUCA and CAAGUCCU), DNA-DNA homod-
uplex was longer-lived.

Thermodynamic stability

From the individual rate constants, we can calculate the
standard free energy difference (�G◦) between the bound
and unbound states according to

�G◦ = kBT log
kon[c0]

koff
(8)

where [c0] is 1 M. In this definition, �G◦ is more positive
for a more stable duplex. In Supplementary Figure S11, we
compare �G◦ calculated using kon and koff measured at the

lowest force with �G◦
NN estimated using a nearest-neighbor

(NN) thermodynamic model (69,85,86). Most sequences
are significantly more stable than the model predicts, show-
ing at least a 2 kBT difference. This increased stability can be
attributed to two major factors. First, the terminal bases of
the duplex will stack with the adjacent unpaired bases in the
gaps, which has been shown to provide ∼1 kBT per end in-
teraction in 8 bp DNA duplexes (70). Dangling nucleotides
beyond these adjacent bases have also been shown to stabi-
lize the duplex (71,72), albeit to a lesser degree (73). Second,
the DNA and RNA probes used in this experiment were la-
beled with a Cy5 dye on the 5

′
end, which will also stabilize

short DNA duplexes by 2 kBT (74). The stabilizing effects of
dangling-base interactions and 5

′
dye labeling are additive

(74). When accounting for these two factors, we find that
the nearest-neighbor model prediction matches �G◦ more
closely.

In Supplementary Figure S12, the free energy difference
�G◦ is plotted against force. Because both rates change
in the same direction in response to force, the force de-
pendence of �G◦ is somewhat dampened. Except for AG-
GACTTGT and its RNA counterpart, �G◦ changes lit-
tle, albeit with some scatter. In comparison, the force-
dependence of �G◦ of AGGACTTGT and AGGACU-
UGU shows a monotonic increase up to 3 pN and after-
ward plateaus, varying by less than 0.5 kBT. Substituting
Equation (1) for kon and koff into Equation (8), we obtain

�G◦ ( f ) = �G◦ (0) −
∫ f

0

(
xu( f ′) − xb( f ′)

)
d f ′, (9)

which can be used in conjunction with the force-extension
relations of ssDNA and dsDNA to calculate �G◦(f). Us-
ing the Marko-Siggia force-extension formula (Supplemen-
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tary Equation S1) for ssDNA and dsDNA with respective
parameters reported in Whitley et al. (48), we calculated
�G◦(f) and fitted this function to the measured �G◦(f) for
each sequence using �G◦(0) as the only fitting parameter.
As shown in Supplementary Figure S12A, the calculated
�G◦(f) is a concave function with a maximum near 4.25 pN,
where the extensions of ssDNA and dsDNA become identi-
cal. The fits compare better for some sequences than others,
which motivates us to include sequence-dependent param-
eters into our model, as will be discussed below.

The physical nature of the transition state(s)

Our DNA-bow experiments show that in the force range
of 2–6 pN, both the binding and unbinding rates increase
with force. The fact that weak force increases the accessi-
bility of the transition state implies that the transition state
is more extended than the two observable states, bound and
unbound. For simplicity, we assume that the transition state
is a state where a single base pair is formed or to be broken
between the target strand and its complementary probe. To
rationalize our experimental results, we obtained the force-
extension curves of bound, unbound, and two representa-
tive transition states (Figure 5A) from oxDNA2 simula-
tions. Since the transition state is too transient to be ana-
lyzed in a normal dynamics simulation, we stalled the sys-
tem near this state by turning off all base pairing interaction
except in one central or terminal base pair, whose pairing
interaction was strengthened 10-fold. For all states, we ob-
served spring-like force-extension behavior, as expected for
short duplexes subject to small force. Moreover, as shown
in Figure 5B, we find that both the end-paired and the
middle-paired transition states are more extended than the
unbound state (ssDNA) and the bound state (dsDNA) over
the force range of 2–6 pN. Hence, our simulation results are
consistent with the measured force-dependence of both kon
and koff.

At first thought, it is not obvious why the transition state,
which is a mixed state of ssDNA and dsDNA (75), is more
extended than the bound and unbound state, which are ds-
DNA and ssDNA, respectively. We reason that ssDNA seg-
ments in the transition state always exist as a pair of dan-
gling strands from a dsDNA segment, and therefore behave
differently from ssDNA in the unbound state. We propose
that these dangling strands adopt a more extended state
than isolated ssDNA strands because of inter-strand steric
repulsion (or excluded volume interaction). This idea is es-
sentially identical to the thermodynamic argument for ex-
plaining the height of a polymer brush increasing with graft-
ing density (76). In this analogy, dangling strands corre-
spond to a much higher grafting density than a lone strand;
therefore, in our case, ssDNA regions in the transition state
are more extended than in isolation. Consistent with this
idea, we also find that the middle-paired transition state
with two pairs of dangling strands is more extended than the
end-paired transition state with one pair of dangling strands
(Figure 5B).

Comments on roll-over or catch-to-slip transition

The roll-over effect where koff becomes a convex function
of f was postulated based on the idea that the transition

state is a hybrid of ssDNA and dsDNA and that each obeys
the force-extension formula for an ideal WLC (40,47) or
a unique WLC with its own characteristics (48). The in-
terpolation formula used in these models (Supplementary
Equation S1), however, is not accurate for short chains
(77,78). An alternative formula derived for short chains
(79,80) places the crossover force at ∼1.8 pN (Supplemen-
tary Figure S1), which borders the force limit of our DNA
bow assay. But even this formula (Supplementary Equa-
tion S1) is only appropriate in cases where fluctuations or-
thogonal to the pulling axis are small, which may not be sat-
isfied by ssDNA in the unbound state or the transition state
at small forces. Hence, we used oxDNA2 simulations to di-
rectly obtain the force-extension curves of the bound, the
unbound, and the transition state. As shown in Figure 5B,
all states exhibit linear force-extension behavior with a con-
stant slope and a nonzero vertical intercept, and the transi-
tion state is more extended than both the bound and the un-
bound states. A crossover in extension between the bound
and the transition state, which is a requirement for the roll-
over (Equation 7), is not apparent above 2 pN. However,
our study does not completely eliminate the possibility of
a roll-over. First, our DNA bow assay cannot probe forces
lower than 1.5 pN. In this range, we find that the extension
of the transition state can become shorter than that of the
bound state (Figure 5). Second, the roll-over effect is pre-
dicted to be more pronounced for longer oligonucleotides
(47). A more thorough test of this model thus requires mea-
suring the dehybridization rate of oligonucleotides longer
than 10 nt, which is extremely slow (∼h−1). Therefore, the
roll-over effect, if any, would only exist on a time scale too
slow to bear physiological or practical significance.

To gain more insights into the force-extension relation
during binding and unbinding, we sampled the free energy
landscape of our probe-target duplex at several tension val-
ues using virtual-move Monte Carlo simulations. Free en-
ergy values G(x, nbp; f) were calculated using Equation (5)
along two coordinates: the target-strand extension x, and
the number of remaining base pairs nbp in the duplex. To en-
sure that all intermediate states were well-sampled, we used
umbrella sampling to bias the system toward high-energy
melted states. The observed energy landscapes are repre-
sented as a series of heat maps in Figure (6). The heat maps
show that G(x, nbp; f) varies markedly in the horizontal di-
rection (nbp than vertical (x), reaching maximum at nbp = 1.
To better visualize the landscape along x-direction, we also
plot the most probable transition pathway for each land-
scape by connecting the extension values with the lowest en-
ergy for each base pair value (x̃(nbp)) and present another
series of heat maps by offsetting G(x̃(nbp)) to zero (Supple-
mentary Figure S13). The most probable extension at nbp
= 1, which we assume to be the transition state, is always
greater than or equal to that at nbp = 9 or the bound state.
Similarly, the extension at nbp = 1 is greater than that at nbp
= 0 or the unbound state. These results are consistent with
our result obtained from a different simulation in Figure 5.

Quantitative models for force-dependence of rates

In our DNA bow assay, the tensile force is applied to
the 3

′
- and 5

′
-ends of the same strand. In this case, base
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Figure 5. Simulations of force-extension relations. (A) Schematic of target strand (black) in four unique states: the unbound state, the bound state, the
transition state with one base pair in the middle, and the transition state with one terminal base pair. (B) Force–extension curves of target strand in each
state. We note that the bound state contains 3-nt ssDNA overhangs, and therefore appears more extensible than dsDNA.

Figure 6. Heat maps of the free energy �G(x, nbp; f) surface as a function of molecular extension x, the number of base pairs between the target and
probe strands nbp, and the tensile force f. Each black dot marks the extension value with the lowest energy for each base pair step. Probabilities for all
combinations of x, nbp and f were obtained by performing umbrella sampling simulations; the resulting free energy �G was then calculated using Equations
(5) and (6).

pairs experience the effect of force indirectly in the form
of shear stress (81). This is in contrast to DNA unzip-
ping experiments (82) where base pairs directly experi-
ence a rupture force in a sequential manner. As shown
in Figure 6, the shear geometry imposes a weak cou-
pling between nbp and x: a decrease in nbp does not al-
ways lead to a monotonic increase in x. Hence, different
states along the reaction path cannot be fully specified
with x only. Instead, states must be defined with respect
to nbp.

The linear force–extension relations (FER) of states with
different nbp obtained in Figure 5 thus correctly represent
the bound, unbound, and transition states. Based on these
results, we assume that FERs of any sequence can be ex-
pressed as

xα = f/aα + bα, (10)

where a� and b� are the stiffness constant and relaxed ex-
tension of the bound (� = b), unbound (� = u) or transi-
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tion state (� = ‡). Deviation from this linear relationship is
expected to be noticeable above 6 pN as observed in a pre-
vious study (48). Substituting these relations into Equation
(1), we can obtain the analytical force dependence of kon
and koff. For each sequence, we simultaneously fitted two
curves to the measured kon and koff using six parameters:
a’s and b’s for unbound and transition states and kb(0) and
ku(0), which are the zero-force rates. For simplicity, the ex-
tension of the bound state is fixed to 0.34 × n(nm), inde-
pendent of force and sequence. The fitted curves are shown
in Figure 4 in good agreement with the data, and the six
parameters for each sequence are listed in Supplementary
Table S4. The corresponding FERs of each sequence are
shown in Supplementary Figure S14, where we find that: (i)
FER of the unbound state (ssDNA) exhibits the strongest
sequence dependence, and (ii) for most sequences, the ex-
tension of the transition state changes very little with force.
�G◦(f) calculated by taking the ratio of the two fitted curves
also match the measured �G◦(f) well (Supplementary Fig-
ure S12B). For comparison, we also tried fitting our data us-
ing the model by Whitley et al. (48). In this model, all three
states are assumed to obey the Marko-Siggia FER (Sup-
plementary Equation S1) with their own set of persistence
length (P) and contour length (L). In this fitting, we fixed
Pu, b and Lu, b to the values reported in Whitley et al.(48),
but allowed P‡ and L‡ to vary for each sequence. The results
from this fitting are presented in Supplementary Figure S15,
in good agreement with the data. Moreover, a‡ (Supplemen-
tary Table S4) and P‡ (Supplementary Table S5) extracted
from the two different models are well correlated, indicating
their mutual consistency.

The extracted stiffness parameter P‡ of the transition
state varies markedly from sequence to sequence. The se-
quence dependence of P‡ may reflect the variable loca-
tion of the last remaining base pair in the transition state
among different sequences. In support of this idea, the end-
paired and the middle-paired transition states exhibit dif-
ferent slopes in the force-extension curve (Figure 5). The
number of base pairs in the transition state may also dif-
fer among sequences, further contributing to variable P‡.
Our assumption of sequence independent Pu in the mod-
els also likely yields an inflated sequence dependence of P‡.
More extensive MD simulations with various sequences in
both the unbound and the transition states are needed to
test these possibilities.

Although both models discussed above explain our data
well, our model based on the linear FER (Equation 10) al-
lows us to derive a simple expression without numerical in-
tegration. If we assume that x scales linearly with the num-
ber of nucleotide units (n), FER can be expressed in terms of
stiffness constant (�) and relaxed extension (x0) of a single-
nucleotide as

x = n (1/κ) f + nx0. (11)

By rescaling the FERs of eight different sequences by
the corresponding n and averaging them, we can extract
sequence-averaged � and x0 for the transition state (‡) and
the unbound state (u): �‡ = 355.3 pN · nm−1, x0, ‡ =
0.39 nm, �u = 30.7 pN · nm−1, and x0, u = 0.21 nm. Since we

assume dsDNA to be almost inextensible, �b � 1 and x0, b

= 0.34 nm. Integrating these universal FERs according to
Equation (1), we obtain

kon( f ) ≈ kon(0) exp
[

n
kBT

{(
1
κ‡

− 1
κu

)
f 2

2
+ (

x0,‡ − x0,u
)

f
}]

, (12)

koff ( f ) ≈ koff (0) exp
[

n
kBT

{(
1
κ‡

)
f 2

2
+ (

x0,‡ − x0,b
)

f
}]

. (13)

Since the transition state is relatively stiff, koff(f) is well
approximated by the Bell’s formula. It is noteworthy of
mentioning that these equations are essentially identical to
Equation (7) of Suzuki et al. (83) which was derived by aver-
aging the two dimensional energy landscape G(x, nbp) over
all x.

CONCLUSION

DNA often experiences tension through passive or active
mechanisms. In the presence of 5 pN of force, DNA poly-
mer models predict that dsDNA and ssDNA have a similar
extension, which can lead to a nontrivial force dependence
of hybridization and dehybridization rates. Previous force
spectroscopy techniques, however, are not optimal for in-
vestigating this force dependence due to limited through-
put. In this study, we developed a DNA bow assay, which
can exert 2–6 pN of tension on a ssDNA target and re-
port on its hybridization and dehybridization via smFRET.
In this force range, we found that both the hybridization
and dehybridization rates increase with force, which indi-
cates that the transition state has a longer extension than
its ssDNA and dsDNA counterparts. Coarse-grained sim-
ulations reveal that hybridization and dehybridization pro-
ceed through a maximum free energy state where a single
base pair is formed between the target and probe strands.
Consistent with the experimental results, the simulations
also show that this maximum free energy state, which we
identify as the transition state, is more extended than the
fully paired or unpaired state. We propose that the greater
extension of the transition state is due to steric repulsion
that precludes ssDNA overhangs from adopting random
coil configurations. To conclude, we present a simple force-
to-rate conversion formula based on linear force–extension
relations.
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SUPPLEMENTARY MATERIAL

Force-extension curves of worm-like DNA

In the limit of L ≫ P , Marko and Siggia derived an interpolation formula (MS formula)

for the relationship between force (f) and extension (x) of a worm-like chain (WLC) [77]:

fP

kBT
=

x

L
+

1

4 (1− x/L)2
− 1

4
(S1)

where P is the persistence length, and L is the contour length. It is convenient to define

the contour length per nucleotide, h = L/N . The accuracy of this formula can be increased

with additional terms [78]. Whitley et al. [48] and Guo et al. [46] modeled ssDNA and

dsDNA as WLCs and also attempted modeling the transition state as a chimeric DNA of

ssDNA and dsDNA or a WLC with its own unique P and L. Using 53 nm and 0.34 nm

for P and b of dsDNA, and 1.32 nm and 0.6 nm for P and b of ssDNA in Equation S1 and

inverting it, we can obtain x as a function of f (top, Supplementary Figure S1).

The extensions of ssDNA and dsDNA are predicted to cross over at f ≈ 4.3. A different

formula that is more correct for short WLC is derived by Keller et al. [79] and Hori et al.

[80]. In this formula, x is expressed as a function of f :

x = L− kBT

2f

(
L

√
f

PkBT
coth

(
L

√
f

PkBT

)
− 1

)
. (S2)

Force-extension curves of ssDNA and dsDNA obtained from this formula are shown at the

bottom of Supplementary Figure S1. The crossover force is ∼ 1.8 pN, markedly lower than

predicted by the MS formula.

oxDNA2 simulation parameters

For all oxDNA2 simulations, the buffer conditions were specified to be identical to our

experiments (100mM salt concentration and 22 ◦C). MD simulations were equilibrated

for 50000 time steps before configurations were saved into output trajectories [59]. All

MD simulations used an Andersen-like thermostat [84], where the system was propagated

according to Newton’s equations for NNewt time steps using Verlet integration; afterward,

the system was assigned new velocities from Maxwell-Boltzmann distribution such that the
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resulting diffusion coefficient was equal to a specified value D. For all DNA bow simulations

and force-extension simulations, NNewt = 103 and D = 2.5. For VMMC simulations, the

maximum translational and rotational displacements were set to 0.1 and 0.2 respectively.

All VMMC simulations were equilibriated for 105 steps before collecting statistics.

Estimating the end-to-end distance radial probability distribution of DNA bows

To estimate the tensile force f exerted by each DNA bow size (Equation 2), we used the

following interpolation formula [52] to estimate the radial probability distribution p(x) of a

wormlike chain

p(x′) = 4πx′ 2 · JSY D ·

(
1− cx′2

1− x′2

)5/2

exp

(∑0
i=−1

∑3
j=1 ci,jκ

ix′2j

1− x′2

)

× exp

(
−dκab(1 + b)x′2

1− b2x′2

)
I0

(
− dκab(1 + b)x′2

1− b2x′2

)
,

(S3)

where

a = 14.054, b = 0.473, (ci,j)i,j =

−3/4 23/64 −7/64

−1/2 17/16 −9/16

 .

This formula accurately models p(x) for a large range of stiffness values (κ = P/L, where P

and L are the persistence and contour lengths of the dsDNA elastic arc, respectively) as well

as a wide range of normalized end-to-end distance values (x′ = x/L). For this calculation,

we assumed the values P = 53 nm and h = 0.34 nm, where h is the contour length per

nucleotide b = L/N Therefore, Equation S3 can be used with Equation 2 to estimate the

force exerted by all bow sizes, whose stiffnesses range from κ = 0.6 to κ=2.1, and whose

end-to-end distance values range from x = 0.06 to x = 0.21.
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Supplementary Figure S1. Force-extension curves of ssDNA (light gray) and dsDNA (dark gray)

based on Equation S1 (top) and Equation S2 (bottom). The location of the crossover point depends

substantially on the approximation.
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Supplementary Figure S2. Sample oxDNA2 configurations of all experimentally measured DNA

bow sizes. Each configuration depicts the DNA bow in its unbound state. The label above each

molecule specifies the length of the dsDNA bow arc (in base pairs). All constructs feature a 15 nt

ssDNA strand containing a 9 nt region targeted by an 8-9 nt probe.
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Supplementary Figure S3. (A) Linear DNA molecules with phosphorylated 5’ ends were bent

with bending protein HMG1 and self-ligated. T5 exonuclease was then added to digest unwanted

polymer fragments. (B) The remaining circular DNA was then purified with ethanol precipitation

and nicked on the unmodified strand with Nb.BbvCI. Nicked minicircle bands were analyzed and

extracted using polyacrylamide gel electrophoresis (6%, 29:1 acrylamide to bis-acrylamide in 0.5x

TBE buffer). Note that the total minicircle size includes the 15 bp target strand segment, which is

not included in the bow arc length (74 bp to 252 bp. After each circle size was inspected via PAGE,

DNA minicircles were extracted overnight via “crush-and-soak” and concentrated with ethanol

precipitation.
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Supplementary Figure S4. Surviving fraction of fluorescent Cy3 molecules over time. Photobleach-

ing time was defined as the first instant at which the Cy3 intensity trace fell below a threshold

cutoff value. The threshold value was selected by analyzing the intensity histogram of all ob-

served traces and choosing the minimum probability intensity value separating the bleached and

unbleached states. Control molecules were assembled by annealing Hairpin 1 (see Table S1) to

the Reverse Cy3 primer, using the same “heat and cool” annealing protocol as our original experi-

ments. Control trials were performed using the same imaging buffer and maximum laser power (3

mW) of our original experiments.
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Supplementary Figure S5. Unbinding rate vs Cy3 laser power intensity. The effects of Cy5 photo-

bleaching were tested using the same linear construct as in Supplementary Figure S4. Additionally,

we added P2-RNA to the imaging buffer (the probe with the longest observed bound dwell time), to

test whether laser intensity affects the unbinding rate. Three power settings were tested, including

the original maximum value (3 mW) of our original measurements, as well as 2 larger settings: 4.5

mW and 6 mW. Two trials were performed for each power setting.
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Supplementary Figure S6. Mean (x) and standard deviation values (σ(x)) of the end-to-end dis-

tance x for each DNA bow size, in both the probe-bound and probe-unbound states. Each MD

simulation was performed for 1× 108 steps with dt = 15.2 fs, totaling t = 1.52 µs. Extension values

were measured every 1000 steps, collecting n = 1× 105 values in total.
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Supplementary Figure S7. The effect of intrinsic curvature on force calculation. (A) Ground state

conformations of all DNA bow duplex sequences. Conformations were found using the intrinsic

values and stiffnesses of dinucleotide roll and tilt tabulated by Zuiddam et al. [57]. (B) Elastic force

calculations of all DNA bow sequences with and without intrinsic curvature. The blue curve uses

intrinsic roll and tilt parameters of base pair steps that change with sequence. For the red curve,

these intrinsic values are set to zero. The inset shows a typical minimum energy conformation.
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Supplementary Figure S8. Force-extension behavior of the 17 nt target sequence T1 in both its

probe-bound and probe-unbound states, extended by either a harmonic spring (filled markers) or

a DNA bow (open markers). For the harmonic spring pulling method, we used the “mutual trap”

external force tool provided with oxDNA to connect the terminal bases of the target with a weak

spring.
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1. Circularization & Nicking 2. Strand Exchange

+

Supplementary Figure S9. Possible products created during bow construction. Nicked circular

products were purified and mixed with Cy3-labeled linear molecules at a 1:4 ratio. The unmodified

nicked strand is replaced via a strand exchange reaction which consists of heating the mixture to

95 ◦C and cooling to 4 ◦C gradually. By design, only the desired product (bottom row) is capable

of generating a FRET signal. Incorrect purification of nicked circular strands (step one) would

yield linear products during strand exchange; among these products, the target is either too far

from the Cy3 dye to generate a FRET signal upon probe binding, or the target is absent entirely.

Circular molecules that do not replace the unmodified strand during the strand exchange reaction

(step two) are not donor-labeled, nor do they have an exposed acceptor-probe target, and therefore

also cannot generate a FRET signal.
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Supplementary Figure S10. Comparison of mean unbinding rates using DNA bows with a “zero-

force” control molecule. Zero-force molecules were constructed by annealing Hairpin 2 with the

Reverse Cy3 primer used in our bow experiments. Closed circles depict DNA bow measurements,

while the open square depicts linear construct measurements. For all points, the error bars display

the standard error of the mean. Three independent trials were performed for all bow sizes as well

as for the control molecule.
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Supplementary Figure S11. A comparison of the measured standard equilibrium free energy differ-

ence values of all DNA probes to their corresponding nearest-neighbor predictions. The free energy

difference, ∆G = log(kon/koff), was calculated using the average koff and kon values observed for

the 252 bp DNA bow (black bars). The predicted free energy difference of a freely diffusing 8 bp to

9 bp duplex, ∆GNN, was then calculated using published nearest-neighbor thermodynamic param-

eters (white bars) [85]. We then modified this estimate to correct for our experimental conditions

by adding the energy contribution of dangling base stacking interactions ∆GDB [70] as well as

the energy contribution of a Cy3 dye attachment ∆GCy3 (gray bars) [74]. Both estimates were

calculated at a temperature 22 ◦C to match our experiment. The resulting sum was corrected for

the monovalent cation concentration of our buffer ([Mono+] = [Na+] + [Tris+] = 150mM) using

the calibration formula published by SantaLucia Jr. Note that this estimate assumes that half of

Tris molecules are protonated [86].
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Supplementary Figure S12. Force dependence of the equilibrium free energy difference ∆G =

log(kon/koff) between the bound and unbound states. Here, ∆G is defined as the additional free

energy of the unbound state relative to the bound state. The force exerted by each bow was calcu-

lated with Equation 2, using the mean extension x of the bow’s end-to-end distance distribution.

Vertical error bars represent the standard error of the mean; horizontal error bars were calculated

using ∂f(x)
∂x

∣∣∣
x
·σ(x), where x and σ(x) are the mean and standard deviation of the bow’s end-to-end

distance distribution.
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Supplementary Figure S13. Extension free energy difference heat map, calculated from VMMC

simulations with umbrella sampling. Cells display the free energy difference along the extension

coordinate relative to the minimum energy value of the given base pair column. Solid black dots

indicate the extension location of the minimum free energy value.
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Supplementary Figure S14. Force-extension relations (FER) produced by the fitting parameters

in Supplementary Table S4. Negative slopes seen in some FERs, which are unphysical, should be

interpreted as zero slope or extremely large κ.
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Supplementary Figure S15. Fitting of force-dependent rates using a model based on the Marko-

Siggia formula. In this model, all three states are assumed to obey the force-extension curve given

by the Marko-Siggia formula (Supplementary Equation S1). The persistence length (P ) and the

contour length per nucleotide (h) were fixed to 53 nm and 0.34 nm for the bound state, and 1.32

nm and 0.6 nm for the unbound state. The transition state parameters (P‡ and h‡) were allowed to

vary for each sequence to fit the model simultaneously to the corresponding binding and unbinding

rates. The two additional fitting parameters are kon (0) and koff (0), which set the offsets along

the y-axis. The fitted curves are shown in red dashed lines, and the parameters obtained from the

fitting are listed in the Supplementary Table S5.
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DNA bow arc duplex segments (5′ to 3′)

74 bp GACTCCCCACTCGTCGTACGAGGTCGCACACGCCCCACACCCAGACCTCCCTGCCCTGGTACCTC

AGCACTGAG

84 bp GACTCCCCACTCGTCGTACGCAACGAGGTCGCACACGCCCCACACCCAGACCTCCCTGCGAGCGC

CTGGTACCTCAGCACTGAG

105 bp GACTCCCCACTCGTCGTACGATCGCCATGGCAACGAGGTCGCACACGCCCCACACCCAGACCTCC

CTGCGAGCGGGCATGGGTACCCTGGTACCTCAGCACTGAG

126 bp GACTCCCCACTCGTCGTACCACCCACGCGCGATCGCCATGGCAACGAGGTCGCACACGCCCCACA

CCCAGACCTCCCTGCGAGCGGGCATGGGTACAATGTCCCCGCCTGGTACCTCAGCACTGAG

158 bp GACTCCCCACTCGTCGTACGTTTGGGGAAAGACCACACCCACGCGCGATCGCCATGGCAACGAGG

TCGCACACGCCCCACACCCAGACCTCCCTGCGAGCGGGCATGGGTACAATGTCCCCGTTGCCACA

GAGACCACCCTGGTACCTCAGCACTGAG

210 bp GACTCCCCACTCGTCGTACTGCGAAATCCGGAGCAACGGGCAACCGTTTGGGGAAAGACCACACC

CACGCGCGATCGCCATGGCAACGAGGTCGCACACGCCCCACACCCAGACCTCCCTGCGAGCGGGC

ATGGGTACAATGTCCCCGTTGCCACAGAGACCACTTCGTAGCACAGCGCAGAGCGTAGCGCCTGG

TACCTCAGCACTGAG

252 bp GACTCCCCACTCGTCGTACTTTTTGTTTACGCGACAACTATGCGAAATCCGGAGCAACGGGCAAC

CGTTTGGGGAAAGACCACACCCACGCGCGATCGCCATGGCAACGAGGTCGCACACGCCCCACACC

CAGACCTCCCTGCGAGCGGGCATGGGTACAATGTCCCCGTTGCCACAGAGACCACTTCGTAGCAC

AGCGCAGAGCGTAGCGTGTTGTTGCTGCTGACAAAAGCCTGGTACCTCAGCACTGAG

Primers for making DNA force assay duplex segments (5′ to 3′)

↓ 20 nt

74 Forward GACTCCCCACTCGTCGTACGAGGTCGCACACGCC

84 Forward GACTCCCCACTCGTCGTACGCAACGAGGTCGCACAC

105 Forward GACTCCCCACTCGTCGTACGATCGCCATGGCAACG

126 Forward GACTCCCCACTCGTCGTACCACCCACGCGCGAT

158 Forward GACTCCCCACTCGTCGTACGTTTGGGGAAAGACCACAC

210 Forward GACTCCCCACTCGTCGTACTGCGAAATCCGGAGCA

252 Forward GACTCCCCACTCGTCGTACTTTTTGTTTACGCGACAACTATG

74 Reverse CTCAGTGCTGAGGTACCAGGGCAGGGAGGTCTGGGTG

84 Reverse CTCAGTGCTGAGGTACCAGGCGCTCGCAGGGAGGT

105 Reverse CTCAGTGCTGAGGTACCAGGGTACCCATGCCCGCTC

126 Reverse CTCAGTGCTGAGGTACCAGGCGGGGACATTGTACCCATG

158 Reverse CTCAGTGCTGAGGTACCAGGGTGGTCTCTGTGGCAACG

210 Reverse CTCAGTGCTGAGGTACCAGGCGCTACGCTCTGCGCT

252 Reverse CTCAGTGCTGAGGTACCAGGCTTTTGTCAGCAGCAACAACA

Primers for making circular molecules, target segment underlined (5′ to 3′)

T1 [Phos]TTTTGAATTTACTTTGACTCCCCAC[BiotindT]CGTCGTAC

T2 & T3 [Phos]TTTACAAGTCCTTTTGACTCCCCAC[BiotindT]CGTCGTAC
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T4 [Phos]TTTAGGACTTGTTTTGACTCCCCAC[BiotindT]CGTCGTAC

Reverse [Phos]CTCAGTGC|TGAGGTACCAGG

Primers for making Cy3-labeled molecules for strand exchange (5′ to 3′)

Forward GACTCCCCACTCGTCGTAC

Reverse (Cy3) [Cy3]CTCAGTGCTGAGGTACCAGG

DNA hairpin control molecules

Hairpin 1 [BIOTEG]CCTGGTACCTCAGCACTGAGTTTACAAGTCCTTTTGACTCCCACCGTCGTTTTCGAC

GGTGGGAGTC

Hairpin 2 [BIOTEG]CCTGGTACCTCAGCACTGAGTTTTGAATTTACTTTGACTCCCACCGTCGTTTTCGAC

GGTGGGAGTC

Cy5 acceptor probes (5′ to 3′)

DNA and RNA probes for smFRET experiments (5′ to 3′)

P1-DNA [Cy5]GTAAATTCA

P1-RNA [Cy5]GUAAAUUCA

P2-DNA [Cy5]AGGACTTGT

P2-RNA [Cy5]AGGACUUGU

P3-DNA [Cy5]AGGACTTG

P3-RNA [Cy5]AGGACUUG

P4-DNA [Cy5]CAAGTCCT

P4-RNA [Cy5]CAAGUCCU

Supplementary Table S1: List of DNA sequences, PCR primers, and DNA/RNA probes. All

bow arc duplex segments are sourced from yeast genomic DNA, and extended to include common

adapter sequences on each end. Forward primers for making circular DNA include the 15 nt se-

quence containing the 9 nt ssDNA complementary target segment (underlined); the reverse primer

for making circular DNA includes the nick site (marked with a vertical line “|”). DNA and RNA

probes were added to imaging buffer at 20 nM during smFRET experiments to measure unbinding

(koff) and binding rates (kon).
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End-to-end extension (nm), x± σ(x)
Unbound state

Target 74 bp 84 bp 105 bp 126 bp 158 bp 210 bp 252 bp
1 5.7± 0.9 5.5± 0.9 5.3± 0.9 5.3± 0.9 5.2± 0.9 5.2± 0.9 5.2± 0.9

2 & 3 5.6± 0.9 5.5± 0.9 5.3± 0.9 5.3± 0.9 5.2± 0.9 5.2± 0.9 5.2± 0.9
4 5.6± 1.0 5.5± 0.9 5.3± 0.9 5.3± 0.9 5.2± 0.9 5.2± 0.9 5.2± 0.9

Bound state
Target 74 bp 84 bp 105 bp 126 bp 158 bp 210 bp 252 bp

1 5.8± 0.7 5.7± 0.7 5.5± 0.7 5.5± 0.7 5.5± 0.6 5.5± 0.6 5.5± 0.6
2 5.7± 0.7 5.6± 0.7 5.5± 0.7 5.5± 0.7 5.5± 0.7 5.5± 0.6 5.5± 0.6
3 5.8± 0.7 5.6± 0.7 5.6± 0.7 5.5± 0.7 5.4± 0.7 5.5± 0.7 5.5± 0.7
4 5.7± 0.7 5.6± 0.7 5.5± 0.7 5.5± 0.7 5.4± 0.7 5.4± 0.6 5.5± 0.6

Supplementary Table S2. Mean (x) and standard deviation values (σ(x)) of the end-to-end distance

x of each DNA bow in both the probe-bound and probe-unbound state. Values were calculated

using the measured x distance values of 7.5×104 configurations saved over t = 1.14 µs of simulation

time. x is defined as the distance between backbone sites on the terminal bases of the elastic arc

that are covalently linked to the ssDNA target segment.

Order Parameter Weight

0 bp 221.516

1 bp 1107580

2 bp 193328

3 bp 45596.1

4 bp 8774.79

5 bp 1459.08

6 bp 206.943

7 bp 32.1335

8 bp 2.65784

9 bp 1

Supplementary Table S3. Umbrella sampling weight values for Monte Carlo DNA melting simu-

lations. The potential of the system for all order parameter values of melting shown in the left

column above were biased with unique weight values, as shown in the right column. Afterward,

the unbiased probabilities were calculated using 6.
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1/a‡ b‡ 1/au bu kon(0) koff(0)
(nm · pN−1) (nm) (nm · pN−1) (nm) (µM−1 · s−1) (s−1)

GTAAATTCA -0.032 3.70 -0.025 3.41 1.40 2.10
AGGACTTGT -0.040 3.72 0.252 1.63 0.10 0.10
AGGACTTG -0.075 3.45 0.042 2.54 0.58 0.93
CAAGTCCT 0.066 2.98 0.221 2.03 1.38 1.11
GUAAAUUCA 0.201 2.86 0.183 2.88 1.38 43.59
AGGACUUGU 0.002 3.52 0.901 -0.93 0.06 0.09
AGGACUUG -0.009 3.27 0.342 1.00 0.20 0.49
CAAGUCCU 0.081 2.94 0.312 1.56 0.87 1.86

Supplementary Table S4. Fitting parameters of the force-dependent rates using a linear model

(Equation 10). The parameters aα and bα correspond to the stiffness constant and relaxed extension

of the unbound (α = u), or transition state (α = ‡). kon(0) and koff(0) are the zero-force rates for

binding and unbinding, respectively.

P‡ h‡ kon(0) koff(0)
(nm) (nm) (µM−1 · s−1) (s−1)

GTAAATTCA 26.1 0.41 0.60 2.7
AGGACTTGT 53 0.43 0.09 0.1
AGGACTTG 51.6 0.39 0.35 1.1
CAAGTCCT 6.5 0.45 1.23 1.8
GUAAAUUCA 3.3 0.56 0.62 61.4
AGGACUUGU 53 0.41 0.14 0.1
AGGACUUG 53 0.42 0.22 0.5
CAAGUCCU 8.6 0.46 0.81 2.4

Supplementary Table S5. Fitting parameters of the force-dependent rates using a model based

on the Marko-Siggia formula (Equation S1). P‡ and h‡ correspond to the persistence length and

contour length per nucleotide of the molecule in its transition state. kon(0) and koff(0) are the

zero-force rates for binding and unbinding respectively.
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