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A bipedal DNA nanowalker was recently reported to convert chemical energy into directional motion
autonomously and efficiently. To elucidate its chemomechanical coupling mechanisms, three-dimensional
molecular modeling is used to obtain coarse-grained foot-track binding potentials of the DNA nanowalker
via unbiased and biased sampling techniques (for the potentials’ basin and high-energy edges,
respectively). The binding state that is protected against fuel-induced dissociation responds asymmetrically
to forward versus backward forces, unlike the unprotected state, demonstrating a mechanosensing
capability to gate fuel binding. Despite complex DNA mechanics, the foot-track potential exhibits a
surprisingly neat three-part profile, offering some general guidelines to rationally design efficient
nanowalkers. Subsequent modeling of the bipedal walker attached to the track gives estimates of the
free energy for each bipedal state, showing how the mechanosensing foot-track binding breaks the
symmetry between the rear and front feet, enabling the rear foot to be selectively dissociated by fuel and

generating efficient chemomechanical coupling.
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I. INTRODUCTION

A bipedal DNA nanowalker was recently reported to
convert chemical energy into directional motion autono-
mously and efficiently [1], using identical feet to walk
along periodically spaced binding sites on a linear track like
natural biomolecular nanowalkers. DNA fuel molecules
dislodge the rear foot by displacement and are then cleaved
by an endonuclease, regenerating the foot which sub-
sequently rebinds to the track. The DNA nanowalker
thus converts the chemical energy of fuel strands into
mechanical motion, analogous to the adenosine triphos-
phate (ATP)-fueled motion of biomolecular nanowalkers.
This autonomous DNA walker is among the several
reported artificial nanowalkers [1-5] that go beyond the
previous burning-bridge designs [6—14].

Such an efficient nanowalker requires the chemical
cycle of fuel hydrolysis to be mechanically gated at each
walker foot, according to its position and binding state.
Specifically, the fuel cycle should dissociate the trailing (or
rear) foot instead of the leading (or front) foot, giving a
selective dissociation bias. The dissociated foot should
rebind forward rather than backward, or closer to the plus
end of the track instead of the minus end, giving a forward
binding bias. Both biases are required for a good walker
[15,16]. While thermodynamics imposes an upper limit
to the total directionality achievable by fuel energy input
[17], actually achieving that upper limit requires intricate
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mechanisms to enable mechanical gating of fuel con-
sumption, yet to be fully elucidated for natural or artificial
nanowalkers.

One major contribution comes from the role of intra-
molecular strain, which is known to contribute to the
interfoot coordination of kinesin stepping [18] and artificial
nanowalkers [19]. When a nanowalker is bound with both
feet to the track, intramolecular strain mechanically dis-
tinguishes a front foot, which is strained backward, from a
rear foot, which is instead strained forward. A mechano-
sensing foot-track binding, which displays differing chemi-
cal affinities for a substrate in response to mechanical
strain, then provides a substrate-based dissociation bias.
Kinesin indeed exhibits such chemomechanical coupling,
with internal strain capable of blocking ATP from binding
to the leading motor head [20], contributing to selective
dissociation.

Motor proteins can thus shed light on molecular mech-
anisms for mechanosensing and efficient chemomechanical
coupling. However, it can be difficult to reverse engineer
their evolutionarily optimized designs, and direct observa-
tion of their rapid motion and efficient fuel consumption
pushes single-molecule techniques to their limits. By
contrast, a rapidly expanding family of DNA nanomotors
[1,3,4,21] allow for design hypotheses to be rationally and
incrementally implemented, modified, and tested.

The walker of Ref. [1] displays autonomous, processive,
and directional fuel-driven motion, owing in part to
selective dissociation derived from mechanosensing foot-
track binding. The walker (Fig. 1) is annealed from two
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FIG. 1. DNA nanowalker walking cycle and foot-track binding.
(a) The nanowalker walking cycle includes a strong preference, or
bias, for fuel to dissociate the rear foot instead of the front foot of
a walker bipedally bound to the track. (b) This dissociation bias
occurs because the foot can bind to the track in one of two
configurations: the foot (silver) is either protected, by means of
attachment both to the short overhang D1x* (purple) and the long
overhang D2x (green), or unprotected, with the detachment of
D1x leaving mismatches between the walker leg and the over-
hang D2+ which can be attacked by a single-stranded fuel
molecule. (All DNA configurations are modeled using 0OXDNA2
[22] and visualized using UCSF Chimera [23]; the track is oriented
with the plus end or forward direction towards the right.)

40-nucleotide (nt) strands to form a 20-base-pair (bp)
walker body, capped on either side with 20-nt single-
stranded DNA, these strands forming the legs of the
nanowalker. The track contains equally spaced binding
sites, with each binding site containing a short 6-nt over-
hang (labeled D1x) and a long 14-nt overhang (labeled
D2x) atop a 9-nt tether for binding flexibility, which bind
via Watson-Crick complementarity to the nanowalker’s
feet. Experiments show that when both feet of the walker
are bound to the track, fuel predominantly dissociates the

rear foot instead of the front foot, contributing a selective
dissociation bias towards its directional motion.

The proposed explanation [1] is that forward strain
destabilizes the D1x short helix by significantly curving
it, exposing the rear but not the front foot to fuel-induced
displacement. That is, forward strain causes the foot-track
binding to exhibit an unprotected configuration, allowing
fuel to invade at the exposed D1 segment of the walker foot,
while backward strain enables a protected configuration
which instead rejects fuel invasion [Fig. 1(b)], giving rise to
a selective dissociation bias.

We note in passing that, without chemical energy input,
detailed balance ensures that the walker will not exhibit any
directional motion, on average, despite displaying selective
dissociation. Specifically, the selectively dissociated rear
foot would preferentially reattach to the rear binding site
that it just left. Thus, a nicking enzyme N.BbvC IB is
supplied to use chemical energy (from excess ATP in
solution) to cut the foot-bound fuel. The fuel fragment
dissociation supplies an additional forward binding bias by
ensuring that the binding transitional state is different from
the dissociation transitional state, at the cost of externally
supplied chemical energy (see Ref. [1] for further details of
this forward bias), and the released chemical energy powers
the walker’s directional motion. Without downplaying the
importance of this binding bias, the remainder of this paper
focuses on the selective dissociation bias, and how it can be
examined via studying the foot-track binding assembly and
its mechanosensing capabilities, first as an isolated system
and then as the components of a full bipedal nanowalker.

Thus, the structure and the function of rationally designed
DNA nanowalkers are potentially easier to elucidate than for
nature-derived motor proteins. The base-pairing and stacking
interactions of DNA are also easier to model than the
sophisticated interactions and conformational changes of
protein structures, allowing for an easier prediction and
simulation of mechanical structures. This work demonstrates
such methods using the computationally efficient three-
dimensional molecular simulation package 0XDNA2 [22].

II. OBTAINING FOOT-TRACK BINDING
POTENTIALS IN PROTECTED AND
UNPROTECTED STATES

A. Simulation methods for foot-track binding

OXDNA2? is first used to simulate the foot-track binding
complex in the protected or the unprotected state, to obtain a
suitable coarse-graining coordinate and an effective potential
in that coordinate for either state, using sequences from
Sec. A 1. The simulation system comprises the 20-nt foot, the
two track overhangs and the 15-bp segment between them,
and 10 bp of additional track on either side to avoid spurious
contributions from terminal stacking interactions, as shown
in Fig. 1(b). Virtual-move Monte Carlo (MC) sampling is
then conducted at a temperature of 27 °C and an effective salt
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concentration of 1.0M. At various values of imposed force
from 20 pN backward to 20 pN forward (including zero
force), over simulations totaling 10> MC sweeps, configu-
rations are recorded every 50 sweeps (to avoid correlation
effects) to give 10° data points. When the loading force is
nonzero, itis imposed on the last nucleotide of the motor foot,
as shown in Fig. 3(a). Harmonic traps (which exert a restoring
force on a given nucleotide proportional to its displacement
from a chosen point) are additionally imposed on the
nucleotides at either end of the track to maintain the position
and orientation of the assembly. When the loading force is
zero, the harmonic traps are also removed to provide
simulations of the system under no external constraints.
Each recorded configuration (for protected and unpro-
tected states alike) is then coarse grained by calculating
the vectors Iy, from the minus end to the plus end
of the track segment and r,, from the minus end
of the track segment to the terminal nucleotide of the
motor foot, as shown in Fig. 3. The displacement coor-

. _ 1
dinate, x = (rmotor : I'track/ Firack * Firack — §> |rtrack|’ then mea-

sures the distance between the midpoint of i, and ryqor
projected along ry,.. Sorting x into bins 0.2 nm wide
then yields the probability distribution of x under loading
force F, which we label Prf (x) for the protected state and
Prf(x) for the unprotected state.

In turn, by the Boltzmann distribution formula f¢(x) =
—InPr(x) (where = 1/kpT is the inverse normalized
temperature), each probability distribution of x gives an
effective potential for x under force F, which we label
@* (x) for the protected state and ¢f (x) for the unprotected
state. These biased potential landscapes are analogous to
the (unweighted) results of umbrella sampling [24], but in
this case, the biasing force does not act directly on the
coarse-grained displacement x. Nonetheless, the potentials
@ (x) and ¢f (x) can each be debiased by approximating F
as a constant force in x to yield an estimate of the unbiased
potentials: ¢, (x) [or ¢g(x)] ~pt (x) — Fx [or ¢f (x) — Fx]
to within an additive constant. This approximation is
surprisingly robust and yields consistent landscapes up
to 15kpT from the minimum energy, with the discrepancies
between overlapping simulations mostly within 0.5k37T, as
seen in Fig. 2(b).

As with umbrella sampling, therefore, biased simulations
from a wide range of loading forces can be combined to
estimate the potential landscapes for the protected and
unprotected states, allowing in particular the measurement
of high-free-energy regions which would be very rarely
visited in an unbiased simulation. These estimates can be
compared directly with the results of unbiased simulations,
which omit all external forces. As shown in Fig. 2(c), when
the harmonic traps are 10.2 nm apart, the estimated
potentials are consistent with the results of unbiased
simulations, while smaller or larger distances introduce
discrepancies. The potential profiles obtained under that
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FIG. 2. Measuring the foot-track potential landscape via
simulation. (a) The foot displacement is measured relative to
the track center using vectors Iy, and I'yae, Creating a position
coordinate x; for biased simulations, a biasing force F is applied
to the motor foot while harmonic traps at either end of the track
assembly (illustrated with spring symbols) localize the system.
(b) (Top panels) x distributions are obtained under forces of
(from left to right for each graph) backward 20, 15, 10, 6, and
2 pN; 0 pN; and forward 2, 6, 10, 15, and 20 pN. (Middle
panels) Debiased log probabilities overlap neatly, with aggre-
gation and smoothing yielding the curves shown in Fig 3.
(Bottom panels) Residuals, obtained by subtracting individual
data points from the smoothed aggregate, are mostly within
+0.5kgT (the dashed lines) and are larger only for more-
uncertain points. (c) Different trap distances for the biased
simulations give different aggregated landscapes; consistency
with unbiased simulations is achieved for a trap distance of
10.2 nm.
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FIG. 3. Rationalizing mechanosensing potential landscapes.
(a) Mechanical models (top panels) can qualitatively rationalize
the potential landscapes (bottom panel) obtained for protected
and unprotected states. In the unprotected state, at either margin,
displacement can be increased only by imposing elastic strain,
resulting in approximately quadratic edges; unimpeded angular
diffusion between results in a flat, approximately linear middle
region. The protected state has approximately quadratic edges
similar to the unprotected state, but the middle region is no longer
flat; angular diffusion is impeded by internal tension due to the
free-energy costs of stretching the single-stranded tether and
unstacking between long and short double helices, resulting in
internal tension (shown schematically by the boldface arrow).
(b) Increasing the temperature of the simulation from 27 °C to
37°C results in negligible change.

trap distance are thus used to analyze the mechanosensing
nature of the foot-track binding, as we now discuss.

B. Foot-track binding potentials obtained

As shown in Fig. 3, the potential landscapes for protected
and unprotected states are noticeably different. The typical x
range for the protected state is far forward of the range of the
unprotected state, due to the additional constraint of the D 1x
short overhang. Each landscape has a middle linear portion
representing angular diffusion of the foot; on either side, the
curvature then increases significantly, indicating the onset of
elastic stretching. These landscapes can be modeled by a
piecewise combination of quadratic and linear terms:

%(x—x_)z,
flx=x2),

Sr—x )+ flr —x), x> x,

x<x_

P(x) =

x_<x<x,, (1)

where the spring constants k_ and k, are determined by the
curvatures of the left and right sides, respectively, the
displacements x_ and x, estimate the boundaries between
the left and right sides, respectively, and the middle region,
and the intrinsic tension f is determined by the gradient of
the middle region. This pattern can be explained qualitatively
with reference to the simple mechanical models shown at the
top of Fig. 3(a): the left and right sides are approximately
quadratic because such large displacements require the
elastic stretching of single- and double-stranded regions
of DNA. The middle region is approximately linear because
it involves angular diffusion; in the unprotected state, no
significant stretching occurs and this region is flat, but in the
protected state intrinsic tension exists due to the stretching of
the single-stranded tether region and the unstacking between
the long and short helices as x bends forward. Interestingly,
increasing the simulation temperature from 27 °C to 37°C
results in negligible change to the obtained potential land-
scapes [Fig. 3(b)], consistent with material parameters such
as persistence length remaining largely constant with tem-
perature in the 0XDNA2 model [22].

As seen in Table I, both states possess an asymmetry
between the rear and front edges, but only the protected
state has a significant intrinsic tension. In both states, the
front spring constant, k., is smaller than the rear spring
constant, k_. It is unclear whether this asymmetry is
physically inherent or depends on the choice of coordi-
nates, especially given the large variation in peripheral
curvature with trap distance seen in Fig. 2(c). Moreover,
since this asymmetry exists in both states, it is unlikely to
contribute to any mechanical distinction between states.
However, there is intrinsic tension in the protected state that
is absent from the unprotected state since f is about
0.4kgT/nm, or 1.6 pN, for the protected potential, but
zero for the unprotected potential, an asymmetry which
persists under different trapping conditions. This value of f
represents a rearward tension on the foot-walker joint
exerted by the foot-track binding complex when the walker
foot is protected. Equivalently, given a potential width of

TABLE 1. Fitting parameters for protected and unprotected
potential landscapes, using the functional form from Eq. (1).
Parameter Protected Unprotected
k_ (kgT/nm?) 242 +0.10 2.06 +0.16
x_ (nm) —2.64 £ 0.06 —8.74 £ 0.08
f (kgT/nm) 0.42+0.02 0.018 £ 0.016
x, (nm) 3.50+0.14 3.10 £ 0.05
k, (kgT/nm?) 1.09 £ 0.07 1.17 £0.10
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X, —x_ ~ 6 nm, the intrinsic tension can be interpreted as
imposing a mechanical energy penalty of about 2.4kzT on
a protected trailing foot as opposed to a protected leading
foot, with all else being equal. This tension can thus serve a
mechanosensing purpose, making fuel strands dissociate
the rear foot more often than the front foot, leading to a
selective dissociation bias, as experimentally observed.

III. MECHANOSENSING AND SELECTIVE BIAS IN
FULL WALKER-TRACK BIPEDAL SIMULATIONS

The full system, consisting of the walker bipedally
bound to the track, can be dissected into the following
components: a rear and a front foot-track binding assembly,
as well as two undecorated DNA double-helical domains
for linkers, one of which serves as the walker body and one
of which serves as the track spacer. The bipedally bound
walker can occupy one of four states, which we label as
follows, following the earlier convention of using 0 to
denote an unprotected foot and 1 to denote a protected foot:
00 is the state in which both feet are unprotected, 01 (10) is
the state in which the front (rear) foot is protected and the
other foot is unprotected, and 11 is the state in which both
feet are protected. The two states 01 and 10 are thus
asymmetric, and in these states, the rear and the front foot,
respectively, can be selectively dissociated by fuel; the ratio
between these states thus directly determines whether
dissociation is biased towards the rear or the front foot,
while the symmetric states (00 and 11) influence only the
overall speed and fuel efficiency of the walker.

Having identified mechanosensing behavior in the foot-
track binding assembly, we now analyze simulations of the
full system to see how this behavior enables selective
dissociation bias in the bipedally bound walker, and how
the magnitude of that bias varies with the lengths of the
linkers.

A. Simulation methods for full walker-track systems

The full walker-track system is simulated with a 25-bp
track spacer, giving the track an overall periodicity of
60 bp, and a walker body length which is varied from 15 to
35 bp in 5-bp increments, using the sequences listed in
Sec. A 1. This track spacer length was used in experiments
[1] together with a walker body length of 20 bp. Systems
in each of the four states are simulated at a temperature
of 27°C and 1.0M salt, with graphics-processing-unit-
accelerated Langevin molecular dynamics [25] used to
speed up the simulations (given the absence of external
force). For each walker body length and state, 10% simu-
lation steps are used to yield 10° sample configurations.

As described earlier, each simulation configuration
can be dissected into rear and front foot-track binding
assemblies, and walker body and track spacer linkers.
Thus, each simulation configuration is coarse grained into
four scalar quantities. The rear displacement, x,, and front

displacement, x, are calculated by treating each foot-track
binding assembly in isolation and determining the respec-
tive displacement coordinate, using the same methodology
previously described. Meanwhile, the end-to-end distances
of the walker body and the track spacer linkers are also
recorded, as x,,;, and x, respectively.

Aggregating each of the four coarse-grained coordinates
over all of the configurations obtained and binning into
0.2-nm bins thus gives four probability distributions for
each walker body length and state (00, 01, 10, or 11):
Pryipeq (x f)’ Prpiped (x,), Prpiped (Xwp)» and Prbiped(xts>’ which
we label Pry;pcq(x;) generically and refer to as the bipedal
probability distributions for a given coarse-grained coordi-
nate. Each bipedal probability distribution can, in turn, be
visualized as an effective bipedal potential landscape
Poipea(X;), again following the Boltzmann distribution rela-
tion Beppiped(x;) = —InPrypeq(x;). The bipedal potential
landscapes give qualitative clues to the forces and constraints
that relate the different components of the bipedal walker.
These potential landscapes are shown in Fig. 4(b) for the four
states for a walker body length of 20 bp; other walker body
lengths show qualitatively similar results.

For the walker’s feet, the bipedal potentials for the
walker’s feet are constrained first by the earlier-measured
protected foot-track binding potential ¢, (x) or the unpro-
tected foot-track binding potential ¢o(x). For the rear
(front) foot, the bipedal potential follows the curved
periphery of the single-foot potential at large positive
(negative) x, with the dependence on the protected or
unprotected state serving as further validation of the
methods from Sec. II. However, as the rear (front) foot
attempts to diffuse backward (forward), it becomes “biped-
ally constrained” due to intramolecular tension, and the
bipedal potential obtained diverges from the foot-track
binding potential. The gradients of these sections of each
foot bipedal potential in Fig. 4 offer a rough estimation of
the intramolecular tension to be on the order of 1-4 pN.

To similarly analyze the bipedal potentials for the walker
body and track spacer, the free energy-extension curves
¢an(x) for DNA double helices under no loading force
needed to be determined. These curves were obtained using
umbrella sampling (details are given in the second section
of the Appendix). Then, in the same way that the rear- and
front-foot bipedal potentials can be compared to the foot-
track binding potentials from Sec. II, the track spacer
bipedal potential can be compared to the free energy-
extension curve for a DNA double helix of 25 bp, and the
walker body bipedal potential can be compared to the free
energy-extension curve for a DNA double helix of 20 bp
(in this particular system).

Doing this comparison for the walker body shows an
extension in all states, as the mean extension is larger than the
mean extension of the unperturbed free energy-extension
curve. For the walker bridge length of 20 bp, this stress is
larger when the front foot is protected (states Ol and 11),
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FIG. 4. Componentwise analysis of bipedal configurations.
(a) Treating a bipedal configuration as a combination of two
foot-track complexes joined by track and walker bridge strands,
the single-leg equivalent displacement coordinates can be calcu-
lated at the front and rear of the bipedally attached motor. (b) The
coordinate distributions yield effective potential landscapes for
the front and rear feet in each of the four bipedal states (left
column), here depicted for a bridge length of 20 base pairs. For
each configuration, both front- and rear-foot effective potentials
(data points, middle column) display self-constrained and biped-
ally constrained regions (where data points either fall on the lines
or do not, respectively), with lines indicating the foot-track
potentials obtained from Fig. 3. The walker body shows tension
(particularly for states O1 and 11), while the track spacer is under
tension for states 00 and 10 and in very minor contraction for
states 01 and 11, as seen from comparing data points (right
column) with dashed lines, which are energy-extension curves
calculated from the parameters in Table II. All double-headed
arrows denote 5kpT.

while the effect is smaller in the rear-foot protected states
(10 and 11). The increase in stress is, in turn, consistent with
the large displacement difference between the protected and
the unprotected front foot—about 5 nm—compared to the
near-zero displacement difference between the protected and
the unprotected rear foot. Interestingly, the track spacer is
also clearly under tension for front-unprotected states 00 and
10, while in front-protected states 01 and 11, the track spacer
contracts, but only slightly. Some compensation between the
walker body and track spacer can thus be observed, as the
tension of the track spacer is largest when the walker body is
least extended, and vice versa.

The mechanosensing foot-track binding thus reacts to the
intramolecular tension of the walker body in two distinct
ways. Since the walker body is shorter than the track
spacer, intramolecular tension pulls rearward on the front
foot. Given the large shift forward that protecting the front
foot imposes, intramolecular tension should thus disfavor
protecting the front foot, as reflected in the increased
walker body tension seen in states 01 and 11. However,
the intrinsic tension of the protected state imposes a penalty
on protecting the rear instead of the front foot, as argued at
the end of Sec. II. To compare these effects quantitatively,
the total free energy of each bipedal state is calculated
from the observed effective potentials of each coordinate,
as described in the next section.

B. Estimating state free energies as a function
of walker body length from coordinate distributions

The free energy of each bipedal state can be calculated
from the free energies of the four components described
above. For each component x;, the empirical probability
distribution Pry;,eq(x;) can be used to calculate the com-
ponent free energy A; = (¢;) — T'S;. Here, (¢;(x)) is the
ensemble average of the (unloaded) potential energy ¢;(x),
which is just the single-foot potential ¢y(x) or ¢ (x)
obtained in Sec. II for the front-foot (x;) and rear-
foot (x,) displacement coordinates, and the free energy-
extension curves ¢g,(x) for the walker body and track
spacer extensions, Xy, and x,; S; is simply the usual
Shannon entropy of the probability distribution Pry;peq(x;),
and 7' = 1 to reflect that the free energy is being obtained at
the same temperature as the simulation ensembles. Each
potential ¢;(x) is offset to give zero free energy for the
unperturbed distributions so that the obtained free energies
represent the energetic cost of the constraints imposed by
bipedal binding.

The resulting component energies for each state vary with
walker body length, showing the effects of intramolecular
tension. As shown in Fig. 5, the front- and rear-foot energies
are predominantly controlled by their individual binding
state. An unprotected rear foot has about 1kzT surplus
energy over an unprotected front foot—independent of
whether the other foot is protected or not—while a protected
rear foot has about 1.5kzT surplus energy over a protected
front foot. These energy differences persist whether we are
comparing front and rear feet in symmetric states (for
example, comparing the unprotected front- and rear-foot
energies in state 00) or across asymmetric states (comparing
the protected front-foot energy of state 01 to the protected
rear-foot energy of state 10).

Indeed, the variation of the foot energy with walker body
length also depends substantially on the binding state of the
front foot. With an unprotected front foot (in either state 00
or state 10), foot energies decrease monotonically as the
walker body length increases. By contrast, when the front
foot is protected, foot energy increases with an increasing

034025-6



MECHANOSENSING POTENTIALS GATE FUEL ...

PHYS. REV. APPLIED 9, 034025 (2018)

state 00:
rear unprotected
front unprotected

state 01:
rear unprotected
front protected

state 10:
rear protected
front unprotected

state 11:
rear protected
front protected

total (r+f+wb+ts)
rear unprotected - - >
L rear protected —>¢— i
front unprotected - -+ -
front protected ——

A
A

Iy X X'X'X.
@ . : X
X 10 X X . ]
§ +..++‘+>< ..+_+
o L s + 4
2 A +
[
L ot 1
fr

0.4 - Walker body

o
N
T T T

0.2 [ Track spacer R

0t il
T T T T T T T T T
15 25 35 15 25 35 15 25 35 15 25 35

Walker body length (bp DNA)

FIG. 5. A breakdown of state free energies as a function of
walker body length. The free energy of each state as a function of
walker body length can be estimated as a sum of the free energies
of the rear foot, the front foot, the walker body, and the track
spacer. All energies are calculated relative to the unbound
configurations having zero free energy. Linker (walker body
and track spacer) energies are shown at doubled vertical scale
relative to the main plot, with filled symbols when the linker is
under tension and empty symbols when the linker is under
compression. 95% confidence intervals are the size of the
symbols or smaller.

walker body length either weakly (state O1) or not at all
(state 11). However, this pattern disappears when the front
foot is protected. In state 01, when only the front foot is
protected, foot and total energies are largely constant. In
state 11, when both feet are protected, foot energies show
irregular variation with walker body length. The free
energies of the bound state show a pronounced periodicity
of 10 bp in the walker length, especially in state 11.

The free energies of the walker body and the track spacer
are small relative to the foot free energies, and also depend
primarily on the binding state of the front foot. When the
front foot is unprotected, walker body energy largely
declines with increasing length, while track spacer energy
is minimized around a walker body length of 20 bp.
Conversely, when the front foot is protected, the walker
body energy is minimized around a length of 25 bp, rising
sharply with either a shorter or longer walker body, while
track spacer energy is minimized at the shortest walker
body length (15 bp) and rises with increasing length.
However, these variations are much smaller than the
changes in the foot free energies. Thus, the total free
energy is dominated by the foot free energies and varies
with walker body length in the same ways: the total free

energy of front-unprotected states decreases sharply with
an increasing walker body length, while the total free
energy of front-protected states is influenced far less by
walker body length and more, especially in the case of state
11, by the relative angle between ends of the walker body.

IV. DISCUSSION

A. Intramolecular tension creates a preference
for the front-protected state

The data in Fig. 5 demonstrate how intramolecular
tension creates a preference for the front-protected state.
The walker body and track spacer energies are consistently
small relative to the foot energies, showing that these
segments are relatively flexible. The flexibility of these
segments, in turn, reduces the free-energy cost expected
from forward displacement against backward loading when
protecting the front foot (noted as a possibility at the end of
Sec. Il A). As such, intramolecular tension predominantly
reduces the free energy of a backward-loaded front-
protected foot relative to a forward-loaded rear-protected
foot, allowing the mechanosensing feet to coordinate a
preference for protecting only the front foot.

The ability of the mechanosensing feet to gate fuel
binding (and hence fuel consumption by the walker) is
largely accounted for by the asymmetric three-slope pattern
of the foot-track potential. Such a neat pattern for a real
DNA walker is rather surprising considering the complex
Watson-Crick base pairings responsible for the foot-track
interaction. The three-slope pattern reminds us of simplistic
sawtooth potentials that were widely used in previous
theoretical studies of molecular motors. Therefore, the
fuel-gating mechanism based on a three-slope mechano-
sensing potential found in this paper likely is generally
applicable to the rational design of efficient fuel-powered
nanowalkers. Previous modeling for artificial or biological
nanowalkers [19,21,26-36] often depended on kinetic
fitting or rough mechanical estimation from polymer
theories. The surprisingly simple potential found using
the realistic DNA simulation suggests the possibility of
sequence-dependent kinetic-structural modeling for real
DNA walkers based on potentials from sequence-dependent
simulations.

The mechanosensing-based fuel gating is compatible
with the size dependence of the total free energies for the
walkers’ bipedal states (Fig. 4). When the walkers’ body
length decreases from 35 to 15 bp, the asymmetric bipedal
state (01) in which only the front leg is protected against
fuel consumption remains low in free energy, but the other
bipedal states rise. Such a size-dependent free-energy
hierarchy is characteristic of a mechanics-mediated
symmetry-breaking mechanism [19], which is identified
in biological nanowalkers [26,27], as well as in artificial
counterparts [21,28].
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B. Predicting state populations and dissociation
bias from state free-energy estimates

The free-energy cost of bipedal binding, over a hypo-
thetical ensemble of the unbound components, is thus both
measured from simulations and rationalized from consid-
erations of a hypothetical cantilever coupling. Each such
free energy is labeled A;; for state ij, with a dependence on
the walker body length that is left implicit. These measured
free energies, in turn, relate to the free energy differences
between states—specifically, given that the asymmetric
states 01 and 10 consist of one protected foot and one
unprotected foot, their free-energy difference can be cal-
culated directly as the free-energy difference Ag; — Ayp-
However, since the free energies of the symmetric states 00
and 11 are measured relative to different components (two
unprotected feet and two protected feet, respectively), their
free-energy differences must additionally include the free-
energy cost of protecting instead of deprotecting a foot,
which we label Ap,.

This additional free-energy difference A, cannot be
accurately determined using the methods described in
Secs. II and III, as they require a single simulation
ensemble to repeatedly and reversibly sample the
protected-unprotected transition. During both single foot
and bipedal simulations, the protected state is repeatedly
seen to transition to the unprotected state, but never vice
versa, making it almost certain that the free energy of the
unprotected state is less than that of the protected state, and
thus that A, is positive. A positive value of A, can be
rationalized as a large entropy penalty due to the “protect-
ing” D1x short overhang being far more localized in the
protected state than in the unprotected state. Furthermore,
some of the unprotected nucleotides on the walker foot
are, in fact, adenosines, which are complementary to the
thymines used in the tether, so that the deficit in hybridi-
zation free energy in the unprotected state is less than the
theoretical six base pairs’ worth.

Nonetheless, we can still calculate state free-energy
differences and population occupancies as a function of
Apror- Taking the unknown free-energy cost of protection
into account, the free energies of states 00, 01, 10, and 11
can be written, respectively, as Ay — Apror» Ag1> Ajp, and
Ay + Apror> using the unbound components of either state
01 or 10 as the free-energy zero. As depicted in Fig. 6(b),
the occupancies of the bipedal states are then simply
Boltzmann distributed at thermal equilibrium.

A minimal model of foot dissociation shows how these
population occupancies, in turn, set up a selective disso-
ciation bias. Suppose an unprotected foot is dissociated by
an incoming fuel molecule at some rate k., regardless of
the positioning or force experienced, while a protected foot
is never dissociated by an incoming fuel molecule. This
means that intramolecular tension can affect only chemical
rates via the mechanosensing protection state of either
foot, not the chemical dynamics within each protection

(a) Bipedal free-energy differences  (c) Dissociation bias trends
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FIG. 6. Estimating free energy differences, population occu-
pancies and selective dissociation bias as a function of Appy.
Estimating free-energy differences, population occupancies, and
selective dissociation bias as a function of A (a) The state free
energies A;; are obtained relative to the unbound components
possessing zero free energy. (b) Accounting for the unmeasured
free energy of protection Ay, each state is occupied in a
Boltzmann distribution. Color coding shows how each state
occupancy subsequently contributes to the selective dissociation
bias a. (c) For a walker body length of 15, 20, or 30 bp at either
27°C (the solid curves) or 37°C (the dashed curves), the
dissociation bias is plotted over —10kzT < A, < 10kpT.

state. Then state 00 contributes a rate proportional to
kogre PAn=4m) to dissociating either foot, while states
01 and 10 contribute dissociation rates proportional to
kogre P40t and ke 410 to rear- and front-foot dissociation,
respectively. Now the selective dissociation bias a, defined
as the ratio of rear-foot dissociation rates to front-foot
dissociation rates, can then be calculated as

e_ﬁ(AOO_Aprol> + e_/jAOI
a= (2)
e_ﬂ(AOO_Aprul) + e_ﬂAIO

in the regime where fuel-induced dissociation is much
faster than rearrangement between the bipedal states. This
expression tends towards 1 as A, — oo, as a strong
chemical preference for unprotecting the foot favors state
00, and thus indiscriminate dissociation of both the front
and rear feet by the fuel. When Ay, — —oo, on the other

hand, a tends to its maximum value, ¢/A10=401) Tn this
regime, a strong chemical preference for protecting the foot
favors state 11, a state in which no fuel-induced dissoci-
ation occurs. Then the overall speed of the walker decreases
to near zero.

The resulting trends in dissociation bias against A, are
plotted in Fig. 6(c), using the data displayed in Fig. 5.
In addition to the bias at 27°C, applying the formula
A = U —TS at a new temperature 37 °C allows the bias to
be calculated at this new temperature as well. Given that
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simulations show the foot-track binding potentials to be
unchanged at 37 °C [Fig. 3(b)], this is the only adjustment
needed to obtain the correct free energies at that
temperature.

The selective dissociation bias in Eq. (2) corresponds to
the walker’s bias at saturated fuel concentration. For the
walker with a 20-bp body length, the bias measured under
this condition on short tracks (two or three binding sites) is
between 1.1 and 2.5 [see Fig. 5(d) in Ref. [1]] at 25°C,
which is consistent with a Ay, between —1 and 2kpT.
Further experiments [37] show this dissociation bias
decreasing to around 1 at a higher temperature of 37 °C.
A similar decrease of the dissociation bias from 25 °C to
37°C is also observed [37] when the short binding over-
hang (D1+%) is elongated from 6 to 10 nt and 14 nt. This
work predicts an overall decrease of the bias with the
temperature increase for the three walker body lengths
(15, 20, and 30 bp) and over a wide range of A, values
[from —10 to 10kzT; see Fig. 6(c)]. The predicted temper-
ature dependence agrees with the experiments.

The bias change with temperature implies that SA .
changes with temperature, and thus also that enthalpic
and entropic contributions to A, have similar magnitudes
at room temperature for this system, consistent with the
contribution of both base-pairing energies and the entropic
cost of confining the D1x short overhang to the protection
of the foot. Interestingly, biomolecular motors found in
nature often display far less change in fuel efficiency with
temperature. For example, the stall force of kinesin does not
vary with temperature over its operating range [38],
showing that the efficiency of its chemomechanical cou-
pling remains constant. This temperature trend may indi-
cate that part of effective biomimetic design will entail
designing foot-track interactions that are largely entropic so
that A, does not change much with temperature.

Adjusting temperature is, in general, a practical way to
optimize enzymatic nanomotors like the one studied in this
paper since enzymes catalyzing chemical reactions of fuel
molecules commonly exhibit a temperature-sensitive cata-
lytic activity [2,39,40]. However, with the finding that bias
decreases with an increasing temperature from 25°C to
37°C while the same temperature increase is known to
increase the turnover rate of the nicking enzyme used for
this DNA walker [2,40], understanding the overall effect of
an increasing temperature (in particular, whether walker
performance improves) turns out to involve a subtle balance
between competing factors. Indeed, experimental operation
of the DNA walker at 37 °C shows no apparent improve-
ment [37] over the operation at 25 °C, which is consistent
with the bias-temperature relation found for this walker.

V. CONCLUSION

Using a combination of unbiased and biased simulations,
detailed energy profiles in this paper are measured for two

possible binding states of the foot of an artificial nano-
walker to its track binding site, in which it is either
protected or unprotected against dissociation by fuel.
These profiles reveal that the unprotected state has an
essentially symmetrical response to forward and backward
force, while the protected state incurs an energy penalty of
about 2.4k T when loaded under forward force, as opposed
to backward force. This mechanosensing behavior of foot-
track binding is consistent with the experimentally mea-
sured high efficiency of this artificial nanowalker, implying
an effective selective dissociation bias in which only the
rear foot is dissociated by fuel interactions, not the front
foot. They also match with earlier qualitative explanations
that a short helix, responsible for protecting the walker foot
against fuel dissociation, is unstable under forward loading
due to high local curvature.

The foot-track binding energy profiles, together with
energy profiles for the end-to-end extension of DNA
double helices of various lengths, are then used to calculate
free energies for the four possible states of a bipedally
bound nanowalker, for different lengths of the walker body.
The free energies of bipedal states indeed vary with walker
body length, with different states having minimized inter-
foot tension at different lengths, which is partially con-
sistent with the presence of linker-controlled directionality
effects. However, protecting the rear foot again consistently
incurs an energy penalty of about 1.5kzT relative to
protecting the front foot, independent of the state of the
other foot. The tension internal to the mechanosensing foot-
track binding allows front-protected states to maintain a
low total free energy even at short walker body lengths,
while front-unprotected states with similar walker body
lengths exhibit higher free energies and are thus less
favored. Such internal tension provides a mechanism for
generating a selective dissociation bias that is uniquely
tolerant of, and even somewhat dependent on, the high
flexibility of the linker portions, as seen in simulations.

With this selective dissociation mechanism, it is pre-
dicted that shortening the walker body from the exper-
imentally tested value of 20 to 15 bp further enhances its
selective dissociation bias, and thus its overall fuel effi-
ciency; further shortening the walker body may well further
enhance the system’s effectiveness. More generally, one
can imagine operating regimes for nanowalkers where
internal and external tensions act in concert, rather than
in opposition, on a mechanosensing foot-track binding.
There is thus much room for improvement on the already-
high efficiencies achieved by this system, and for the
capabilities of artificial nanowalkers to further grow.
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APPENDIX: METHODS

1. Sequences
a. Foot-track binding

Track binding-site template: 5’-capl-BS2-cap2-3/,
capl = ACCTTCTGCT (10 nt), BS2 = GTGGCAGTTG
TAGTC (15 nt), cap2 = CTGAACGAAA (10 nt).

Minus-end cap: 5'-capl*-3’. (Asterisks denote comple-
mentary sequences.)

Long binding site: 5'-BS*-tether-D2x-3', tether = TTTT
TTTTT (9 nt), D2x = CTTCAGCCTTCAGC (14 nt).

Plus-end cap and short binding site: 5'-cap2*-D1x-3/,
D1x = AGTTTA.

Walker foot: 5'-D2f — D1-3', D2f = GCTGAGGGCT
GAGG (14 nt).

Assembly—The 3’ and 5" ends of the track binding-site
template mark the plus and minus ends, respectively. The
minus-end cap hybridizes to the 5’ minus end of the
template, while the strand containing the short binding
site caps the 3’ plus end. The long binding-site strand
hybridizes to the middle section of the template. The
template together with minus-end cap and both binding-
site strands forms a complete binding site, to which the
walker foot can bind as described in the main text. Note
that the foot contains a sequence D2f that is not fully
complementary to the long binding site D2x; two mis-
matches (italicized) are originally incorporated to disrupt
the endonuclease recognition site to prevent cleavage of the
track binding site, and they are retained here for faithful
modeling.

b. Bipedal simulation

Track template: 5'-cap0-BS1-TS-BS2-cap2-3’, cap0 =
CACTTACGGA (10 nt), BS1 = CGTGTTTGTGCATCC
(15 nt), TS = ATCTGGATTCTCCTGTCAGTTAGCTTT
GGTGGTGTACCTTCTGCT (45 nt).

Minus-end cap: 5'-cap0*-3'.

Minus-end long binding site: 5'-BS1*-tether-D2x-3’.

Track spacer (including the minus-end short binding
site): 5'-TS*-D1x-3'.

Plus-end long binding site: 5'-BS2*-tether-D2x-3'.

Plus-end cap and short binding site: 5'-cap2*-D1x-3'.

Walker strand 1: 5'-WSn — D2f-D1-3'.

Walker strand 2: 5'-WSn * -D2f-D1-3'. Here, the motor
strand sequence depends on the number of base pairs n
forming the walker body:

WS15: ATCTAGGTAGAGGCC (15 nt)

WS20: TTACCATCTAGGTAGAGGCC (20 nt)

WS25: CGGAATGCATCGCTCAGTGTTGATC (25 nt)

WS30: GAGTTACCATCTAGGTAGAGGCCTCGTACA
(30 nt)

WS35: GTACAGAGTTACCATCTAGGTAGAGGCCT
CGTACA (35 nt).

Assembly.—As before, the 3’ and 5’ ends of the track
template mark the plus and minus ends, respectively. The
minus-end cap, the BS1 long binding site and the 3’ end of
the track spacer hybridize near the 5’ end of the track to
form the minus-end binding site. The track spacer strand
hybridized to the middle of the track forms a 45-bp spacer
helix. The plus-end long and short binding-site strands
hybridize to the 3’ end of the track to form the plus-end site.
The two 3’ end sequences of the walker strands hybridize,
forming a walker body of n base pairs with two 20-nt
single-stranded feet protruding to bind to the track sites.

2. Energy-extension curves for DNA double helices

Umbrella sampling is used to obtain the free-energy
curves for the end-to-end extension of DNA double helices
from 15 to 55 bp long at a resolution of 0.1-0.2 nm (for
randomly generated sequences). The simulations are con-
ducted with a salt concentration of 1M at 27°C, but
variations from this curve at 2M salt and 37 °C are minimal.
Within an energy range of about 10kz7 from the minimum,
the energy curves can be empirically fitted with the
following function:

fe—f-
£ =S ()
+(f+2;f‘)\/<x—xo>2+cﬂ, frfod>0
(A1)
This expression tends towards linear functions

+fi(x—xy) as x—xy— too (representing constant
force), with an “elbow” around x = x; whose curvature
is determined by d (representing an approximately har-
monic potential about the contour length equal to about x).

The coefficients obtained by regression from individual
curves are shown in Table II. They can, in turn, be
generalized within the range 15-45 bp by simple regres-
sion on the number of nucleotides n, giving the unified
expressions

TABLE 1II. Energy-extension coefficients for DNA double
helices from 15 to 55 bp. 95% confidence intervals are given
as uncertainties.

Length

(bp)  f- (kgT/nm) f (kgT/nm) d (nm)  xo (nm)
15 17.1+0.8 412450 0.29+0.06 4.77+0.06
20 10.3+0.4 41.3+40 0.32+£0.06 6.59+0.06
25 6.5+0.4 30.3+2.0 0.35£0.06 8.23+0.06
30 4.8+£0.15 3244+2.0 031£0.06 9.98+0.06
35 3.52+0.06 2824+1.0 0.34£0.06 11.66+0.06
45 2.15+£0.09 272+£1.0 0.39+£0.06 15.09+£0.06
55 1.58+0.03 31.7+£1.0 0.55+0.06 18.64+0.06
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FIG. 7. Energy-relative extension curves for DNA double
helices of specified lengths, from 15 to 45 bp (top to bottom).
Solid lines use the coefficients in Table II, while dashed lines use
the regressed coefficients from Eq. (A2). A relative extension
(scaled against x;) is used for ease of presentation.

xo(n) = 0.345n — 0.377,
d(xy) = 0.194 + 0.0159x,,

344 385
0 0

As shown in Fig. 7, energy profiles using the regressed
expressions (the dashed lines) approximate the individual
energy profiles (the solid lines) closely enough for prac-
tical use.
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