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Figure 14. An example of melting for a 2-base tochold. As before, the blue strand is the substrate, the red is the incumbent and the green is the
invading strand. (A) Both base pairs of the toehold (shown in gold) are formed. (B) One base pair (shown in black) is broken, and one (gold)
remains. (C) Both base pairs (black) are broken. (D) Plots of hydrogen bonding and stacking site separation during this detachment, demonstrating
the relatively minor disruption of interstrand stacking (only the stacking between incumbent and invading strand is disrupted) and rearrangement of
structure necessary, and the proximity of the transition state to the fully bound state. The relevant distances for the stacking interactions are shown
in (A), and for the hydrogen-bonding in (B). (A), (B) and (C) correspond to times of 175, 204 and 210 ps on the trajectory shown in (D). In this case,
the system first breaks the intrastrand stack ST4, followed by base pairs HB1 and HB2. Trajectories with different orders are also observed.
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Figure 15. (A) Free-energy landscape of a system with a two base-pair
toehold, with the system prevented from forming other base pairs
between invader and substrate and also prevented from having either
base pair separation exceed 3.7nm. HB1 and HB2 are the base-pair
separations defined in Figure 14B. The free energy landscape is
measured in bins of 0.255nm-—the labels indicate the values of HBI
and HB2 at the center of the bins. The arbitrary offset of G is chosen
so that the most probable bin has a free energy G, = —6.37 kcal/mol.
All bins with a free energy greater than zero on this scale are shown in
light green. (B) The melting trajectory from Figure 14 projected onto
the HBI1, HB2 space.

Although the fine details of branch migration processes
will be sensitive to detailed chemistry neglected by
oxDNA, the conclusion that each step of branch migra-
tion necessarily involves the breaking of more stacking
interactions and a greater structural rearrangement than
fraying of base pairs in the toehold is likely to be a robust
one. As a result, if toehold melting and branch migration
are to be simultaneously characterized by the IEL, the
sawtooth amplitude of branch migration should be
larger than the cost of fraying a base pair. We have not
directly attempted to infer rates or transition free energies
for processes that would correspond to elementary steps in
the IEL with oxDNA. As we have discussed, such elem-
entary processes can be relatively complex in oxDNA,
involving effects that cannot be captured at the secondary
structure level, making the precise definition of rate con-
stants difficult. Nonetheless, understanding the process at

an effective secondary structure level is helpful: oxDNA
then justifies tuning the IEL to use an effective saw-
tooth amplitude significantly larger than the free energy
of a single base-pair stack to slow the rate of branch
migration.

DISCUSSION

We have argued that the kinetics of strand displacement can
be explained by the destabilizing effect of single-stranded
overhangs at the branch migration junction, and the
relative slowness of branch migration compared to the
fraying of a base pair in the toehold. How consistent are
our findings and interpretations with the literature?

Our experiments infer two de-stabilizations: one due to
the first ssDNA overhang at the junction (X20:YO00 versus
X00:Y00; ~ 1.2 kcal/mol at 25°C) and another due to the
addition of the second overhang (X10:Y10 versus
X20:Y00; ~ 2.0 kcal/mol). We have not investigated the
sequence dependence of these effects. Vasiliskov et al. (50)
have measured the destabilization due to a single base
overhang (analogous to X01:YO00 versus X00:Y00, which
we did not measure) by immobilizing DNA oligonucleo-
tides in 3D polyacrylamide gel microchips. Most of their
sequence-dependent values lie between 0.5 and 1.0 kcal/
mol at 37°C, which is similar to our temperature-
extrapolated destabilization of 0.9 kcal/mol for X20:Y00
relative to X00:Y00. We would expect the destabilization
to be slightly less for X01:Y00 than X20:Y00 from the
intuition derived from our experimental studies of two
overhangs, which indicate that the destabilization is not
fully saturated by a single-base overhang.

oxDNA suggests that the destabilization due to over-
hangs arises from steric interference, which can be relieved
by breaking coaxial stacking at the junction. This suggests
that AG, (and the free energy cost of introducing two
overhangs to an overhang-free system) should not be sig-
nificantly larger than the AG associated with the coaxial



stacking transition in a nicked duplex. Several attempts
to measure this quantity (48,50,74) have inferred values
of |AG| ~ 0.2 —2.3 kcal/mol at 37°C and [Na']=1 to
15mM. Increasing [Na'] to 100mM was observed to
increase stability of coaxial stacks by ~0.4kcal/mol. We
therefore conclude that our temperature-extrapolated
destabilization of 2.8 kcal/mol between X10:Y10 and
X00:Y00 at 37°C (and in high salt conditions) is not
inconsistent with these data.

What do our findings imply for RNA? Walter et al. (75)
have measured de-stabilization due to a single base
overhang at a junction of duplexes as well as two single
base overhangs on either side of a junction for RNA. They
report a 2.8 kcal/mol de-stabilization for their analog of
X01:Y01 versus X00:Y00 at 37°C, which is much higher
than our extrapolation of 1.4kcal/mol for DNA. As the
geometry (A-form helix) and thermodynamics of RNA are
significantly different from that of DNA, we would not
expect analogous measurements for RNA to be quantita-
tively similar. For DNA, we find that X20:YO01 is signifi-
cantly less stable than X01:YO01, and if this holds true for
RNA, we would expect AG, for RNA to be significantly
higher than the 2.0 kcal/mol at 25°C we infer for DNA.
However, efn2, a NN thermodynamics model for RNA
that has been expanded to include experimentally
measured terms for coaxial stacking and 1- and 2-nt over-
hangs at junctions (76,77), does not predict a free energy
penalty similar to that which we infer for DNA strand
displacement (see Supplementary Section S7 and
Supplementary Figure S14), possibly due to incorporating
these terms only in ‘interior loops’.

Is the IEL’s inferred value of AG, consistent with
measured branch migration rates? Using the experimen-
tally measured plateau height AG, = 2.0 kcal/mol and the
corresponding inferred values of AG; = 5.3 kcal/mol for
the IEL and AG; = 3.6 kcal/mol for the AEL, these
models predict branch migration step times of ~103 and
~53 us, respectively. These values are now more in line
with previous experimental measurements: Radding
et al. (28) report an average branch migration step time
of 12pus at 37°C in 10mM Na* and Green and Tibbetts
(29) estimate an upper limit of 20 pus at 65°C in 0.3M Na™.
Our estimates are therefore somewhat larger, although it
would be expected that the low temperature high salt con-
ditions of Zhang and Winfree (30), which stabilize helices,
would reduce branch migration rates. Indeed, such an
effect is reported by Radding ez al. (28). Finally, we note
that Zhang and Winfree (30) infer a branch migration step
time of ~2.5ms from their phenomenological model,
~12-24 times larger still than our estimates. We attribute
this difference to the absence in their model of a free
energy penalty for initiating branch migration, i.e. what
we here call AG,.

Are the IEL’s values for ky,; and AGy, compatible with
measured fraying rates? Wetmur and Davidson (33) have
inferred fraying rates from temperature-jump experiments.
They predict 0.04 ps for fraying of a base pair at 25°C,
which is faster than our values (0.2 ps for the IEL, 2 us for
AEL) and consistent with fraying being at least an order
of magnitude faster than branch migration steps. We note,
however, that these reported values were not directly
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measured in experiments and required modeling to
extract. Furthermore, related measurements of the
kinetics of RNA base pair fluctuations found significantly
slower rates, with fraying times on the order of microsec-
onds at 25°C (55-57). We therefore conclude that our par-
ameterization is not inconsistent with well-established
kinetic properties of nucleic acids.

We argue that the slowness of branch migration
initiation relative to fraying is a key aspect in understand-
ing strand displacement. In contrast, Reynaldo et al.
(35) explained the low rate constant of zero-tochold
displacement by positing that a certain number of base
pairs, n = 3 or 4, are necessary to form a stable duplex,
and thus shorter duplexes can be ignored or assumed to
detach instantly. Our models differ by assigning favorable
and increasingly strong thermodynamic energies for
tocholds attaching by 1, 2 or more base pairs; there is
no penalty for short duplexes. Instead, we can reinterpret
their n as the value for which the rate of fraying n base
pairs (kype 1A% !/RT) equals that of initiating branch
migration (kuue~2¢»/RT), which for the IEL gives
n = 4.3. A similar calculation for the AEL gives n = 3.8.

CONCLUSIONS

We explain the dependence of strand displacement kinetics
on toehold length using two factors: (i) the physical
process by which a single step of branch migration
occurs is significantly slower than the fraying of a single
base pair and (ii) initiating branch migration incurs a
thermodynamic penalty, not captured by state-of-the-art
nearest neighbor models of DNA, due to the additional
overhang it engenders at the junction. The slowness of
branch migration relative to fraying is captured in the
IEL by a sawtooth amplitude AG, = 5.3 kcal/mol, which
is significantly larger than a single base-pair stack
(IAGpy| = 1.7kcal/mol). oxDNA provides physical justifi-
cation for this by suggesting that branch migration steps
are slower than fraying as each stage necessarily involves
greater structural rearrangement and disruption of favor-
able stacking interactions. Initiating branch migration is
slower than the average branch migration step because of
the free energy penalty (AG,) incurred; from our
experiments we infer AG, ~ 2.0 kcal/mol. oxDNA repro-
duces this penalty and suggests that it arises from steric
interference of the single strands and duplexes at the
branch migration junction. Specifically, the presence of
an extra single-stranded overhang after the first step of
branch migration causes additional disruption of
(coaxial) stacking and reduction of conformational
freedom as the strands are forced to bend away from
each other.

Our work shows that toehold-mediated strand displace-
ment involves four distinct time scales—rates of hybrid-
ization, fraying, branch migration and branch migration
initiation—coupled with the energetics of base pairing in
the toehold. The IEL model captures these rates via the
parameters Kpi, Kuni, AGy, AG, and AGy,. Presuming that
these rates and energies are the essential determinants of
strand displacement kinetics, the IEL analysis provides a
framework for making kinetic predictions about different
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strand displacement-based systems. For example, the IEL
predicts that for short toeholds, k. scales as ~1/b, where
b is the branch migration domain length (see
Supplementary Section S2 and Supplementary Figure
S15). However, the dependence of kyi, kuni, AGs, AG,
and AGy,, on reaction conditions (e.g. salt concentrations
and temperature) are only partially understood, impeding
quantitative predictions for differing reaction conditions.
Nonetheless, our current understanding does suggest that
determining just those five parameters should be sufficient
to predict toehold-mediated strand displacement under
new conditions.

We expect that the IEL framework is also suitable for
describing other nucleic acids. Toehold-mediated strand
displacement has been demonstrated with RNA (78,79),
but the dependence of kinetics on toehold length has not
been characterized. Although several experimental studies
have reported hybridization and fraying rates for RNA
that are within the range observed for DNA (55,57,
80-82), branch migration and branch migration initiation
rates are not well understood. There is, however, some
evidence that with 1-nt toeholds, strand displacement
rates for RNA are considerably slower than those for
DNA (83), whereas the average base pairing energy is
stronger (76); these observations are enough to predict
that a plot of log,, kerr() for RNA would have a lower
y-intercept but higher initial slope than that for DNA.
Broadly, then, we would expect the qualitative features
of RNA strand displacement kinetics to be similar to
that of DNA; quantitative understanding will require
further experiments.

Similarly, the effect of structural variations of toehold-
mediated strand displacement, such as associative and
remote toeholds (84,85), or initial mismatches in the
branch migration domain (86) could be understood in
terms of their effects on the fundamental rates and
energies. These particular variants are likely to slow
down branch migration initiation and hence increase
Ajs0, which could in turn permit greater design flexibility
while engineering nucleic acid devices and systems.

Although the IEL provides a simple framework for
understanding strand displacement, it does not predict
or explain the underlying biophysical mechanisms, nor
can it easily be adapted to handle more complex structural
variants or explain sequence-dependent behavior in larger
strand displacement cascades and dynamic DNA nano-
technology (24), where the kinetics of both on- and off-
pathway reactions (such as ‘leak’ reactions analogous to
zero-tochold strand displacement) are of great current
interest. oXDNA is well suited to studying the underlying
biophysical mechanisms and behaviors of structural
variants, but it is computationally expensive for larger
systems.

Efficient quantitative simulation of sequence-dependent
kinetics for both desired and spurious strand displace-
ment pathways would facilitate design and optimization
of large systems in silico. SSK models based on NN
thermodynamics, such as Multistrand, would be well-
suited for such purposes, but as found here, current
implementations require adjustment to match critical
thermodynamic and kinetic features. Thermodynamically,

accurate coaxial stacking terms and penalties for overhang-
ing single-stranded sections of DNA at junctions should be
incorporated into the model. Incorporating the relative
rates of fraying and branch migration within the
Multistrand model faces several challenges. Because every
secondary structure state has a well-defined free energy,
branch migration intermediates at the ‘top of the
sawtooth’ (frayed junctions with two tails) cannot simply
be pushed to higher energies, as was done for the IEL using
AGy. Moreover, Multistrand currently incorporates only
one of the two possible branch migration mechanisms sug-
gested by oxDNA (sequential disruption and formation of
bonds). Three independent approaches could conceivably
be pursued to better capture branch migration kinetics.
First, an additional unimolecular rate constant parameter
could be used for transitions local to the junction. Second,
new transitions, such as ‘shift” moves in Kinfold (43,87),
could be incorporated to model alternative branch migra-
tion pathways. Third, Multistrand’s state space could be
augmented, possibly by including features such as non-
base-pair stacking interactions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [88-91].
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