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A Programmable Molecular Robot
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ABSTRACT: We have developed a programmable and auton-
omous molecular robot whose motion is fueled by DNA
hybridization. Instructions determining the path to be followed
are programmed into the fuel molecules, allowing precise
control of cargo motion on a branched track.
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olecular machines built from DNA' can be actuated by
DNA control strands (oligonucleotides) that trigger a
hybridization reaction, switching the device between two
states.”® In simple, nonautonomous, DNA walking devices,*®
feet are anchored by adding “binding” control strands that
hybridize to single-stranded domains on both foot and track,
and freed by adding complementary “lifting” strands that remove
binding strands to form double-stranded waste products. Se-
quential addition of instructions by the operator drives the cycle
of foot release and reattachment at a forward site that causes the
device to walk along its track. A smnlar mechanism has been used
to control a nanoscale assembly line.®
The strand-exchange reactions responsible for these transi-
tions are typically mediated by short, single-stranded “toeholds”
to which the invading strand can hybridize to initiate strand
displacement.”® Toeholds give the invading strand a thermo-
dynamic advantage and can increase the rate of strand exchange
by several orders of magnitude.* '® Toeholds can be made un-
reactive by sequestering them within a loop domain, for example, of a
DNA hairpin'' ™ ** or two-strand complex,”” or in a duplex.'*'*""”
Unreactive toeholds can be activated by a strand displacement
reaction that opens the loop””'' ™" or displaces the blocking
strand.'*** ™" In both cases, the toehold-revealing reaction can be
initiated by hybridization of the invading strand to a different,
exposed toehold. The requirement for an external operator to control
the order in which control strands are added can therefore be
overcome by designing an autonomous reaction cycle in which the
toeholds required to initiate a hybridization reaction are progressively
revealed by the preceding reactions in the cycle. Control of reaction
kinetics through toehold availability makes it possible for a hybridiza-
tion-fueled motor or reaction network to operate in the presence of a
nonequilibrium mixture of control strands while maintaining control
of the sequence of reactions taking place. For example, in hybridiza-
tion chain reactions' "'*'? the incorporation of each strand at the end
of a growing polymer reveals the next toehold required to extend the
chain. More elaborate assembly sequences and reaction networks can

be programmed using the same principle.'®"”
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Sequential release of toeholds is the design principle behind
recent autonomous two-footed walking devices.'®*°~** Auton-
omy can be dangerous if insufficiently regulated: if the reactions
that bind and release the feet occur independently, the biped
rapidly dlssoc1ates from the track or becomes stranded.'® Some
biped motors®® ™ ** have achieved the coordination between feet
that is essential to ensure directional and processive motion. In
one system, binding of the lead foot triggers a sequence of two
hybridization reactions that lead to displacement of the back foot
and blockage of the anchorage from which it is lifted.”” This
device is one of a class™*** referred to as “burnt bridges” devices™®
because directional movement is imposed by inactivation of the
track behind the device. Other bipeds can move on a reusable
track: competition between their feet is used to bias their
reactivities toward the DNA fuel that lifts them from the track,
ensuring that the foot in the back position is lifted pre-
ferentially.”®*" Coordination can be regarded as transfer of
information—the information that the front foot of a processive
biped is bound to the track must be transferred backward to
trigger release of the back foot.

Here, we demonstrate a molecular motor that transfers
forward the information that it is bound to a specific anchorage
in order to trigger binding to the next anchorage in a pro-
grammed sequence. In contrast to bipedal walkers, this motor is
normally bound to the track by a single anchorage, although
when stepping it does not dissociate from one anchorage until it
is stably attached to the next. This motor can be programmed to
choose between branches of a track junction while operating
autonomously. The “fuel” hairpins whose hybridization powers
the motor also encode the motor’s instructions.

The track consists of anchorages tethered to a double-
stranded DNA backbone (Figure 1). Each anchorage (e.g.,
X, Y) contains a common binding domain (&b, 12 nt) and an
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Figure 1. Motor scheme with detail of cargo displacement from anchorage X to Y. (a) A track consists of addressable anchorages attached to a dsDNA
backbone. The cargo is shown bound to anchorage X in a complex that displays the source address domain X ; anchorage Y is blocked by removal strand
R,. (b) Fuel F} binds to the split toehold created by the cargo-anchorage duplex, forming a Holliday junction. (c) Junction migration leads to the opening
of the fuel hairpin loop and displacement of the cargo from source anchorage X, leaving it attached to the track through the fuel strand. The destination
address domain ¥ is activated by opening the fuel loop. (d) Interaction between the fuel—cargo duplex and the split toehold on the adjacent destination
anchorage forms a new Holliday junction. (e) Junction migration effects transfer of the cargo to anchorage Y. (f) A waste product, consisting of the fuel
strand F} and removal strand Ry, is left on anchorage X blocking backward motion. The new complex between cargo and anchorage Y displays the new

source address Y, capable of initiating the next step.

identifying address domain (X,Y etc., 10 or 11 nt). (In all figures
common domains are shown in black and domains specific to a
single anchorage are colored. Roman letters identify anchorage
locations and strands and italic letters identify their component
domains; domain x is complementary to , etc.) The cargo is a
single strand that can hybridize to any anchorage (Figure 1a, left).
In this complex the address domain of the current anchorage (X)
and part of the cargo (domain 4, S nt) remain single-stranded:
they are held together by the cargo/anchorage duplex, forming a
structure that we refer to as a “split toehold” that signals the
presence of the cargo and identifies the current anchorage by
displaying its address. Split toeholds have been used previously to
control a hybridization chain reaction and move a catalytic
cargo."®

An anchorage in its active, receiving, state, before passage of
the cargo, is hybridized to a “removal strand” (e.g., anchorage Y,
Figure 1a, right). The removal strand (R, in the case shown)
contains a domain (b, 7 nt) that hybridizes to part of the common
binding domain and another (Y3, 7 nt) that hybridizes to part of
the address domain of the anchorage (Y =Y,Y ) and is therefore
specific to the anchorage. Some bases within the address domain
are left unpaired but are held in an internal loop. The removal
strand bears a second address domain (y, 6 nt) which has a

different sequence to Y but is also uniquely associated with
anchorage Y; this forms a split toehold with unpaired bases
of the binding domain of the anchorage (¢, S nt). The receiving
anchorage Y thus carries two unique identifying addresses:
domain Y is effectively sequestered within the anchorage/
removal strand duplex and is therefore inactive; domain y of
the associated removal strand, Ry, forms part of an active split
toehold, signaling that this anchorage is ready to receive the
cargo.

Transfer of the cargo onto an adjacent active anchorage is
mediated by a fuel hairpin. A fuel hairpin is both an energy source
and a routing instruction; it contains address domains identifying
the anchorage from which the cargo should be displaced and the
active receiving anchorage to which it should be transferred. F}
denotes the fuel hairpin that transfers the cargo from anchorage
X to anchorage Y (Figure la). The source address X, which is
complementary to the address that is incorporated in the source
anchorage (X), is exposed and reactive. The hairpin incorporates
domains complementary to both address domains carried by the
removal strand on the destination anchorage: domain Y,
complementary to the address sequestered in the anchorage/
removal strand duplex, is exposed and reactive; domain 7,
complementary to the exposed address displayed by the removal
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Figure 2. Control of the reactions of fuel hairpins. (a) Summary of
designed interactions with fuels F} and F;. When the cargo is bound to
anchorage X, no toehold is available to initiate interaction with Fj. F}
interacts with the cargo—anchorage X duplex through an active split
toehold incorporating the source address domain X, transferring the
cargo to anchorage Y (see Figure 1). The new cargo—anchorage Y
duplex displays a new source toehold that can interact with F}, so if both
fuel strands are added simultaneously they will react sequentially. (b)
Polyacrylamide gel electrophoresis (PAGE) analysis of reactions with
fuel. Fuel and cargo-laden track (100 nM) were incubated for 30 min
(see Figures S3 and S4 in the Supporting Information for controls): lane
1, initial configuration with cargo bound to anchorage X; lane 2, addition
of Fj results in little interaction with track; lane 3, F} reacts readily,
transferring cargo to anchorage Y; lane 4, simultaneous addition of F,
and Fj leads to a complex containing both fuel strands, completion of the
first step from X to Y, mediated by FJ, enables reaction with F; to initiate
a second step, as designed.

strand, is sequestered in the loop of the hairpin and is therefore
inactive. Address domains act as toeholds to initiate the reactions
that move the cargo along the track. In the absence of cargo, no
toehold-mediated interactions are possible because one of each
pair of complementary address domains is sequestered, either in
the loop of a fuel strand, by hybridization to a removal strand, or
(after passage of the cargo) by hybridization to a spent fuel
hairpin. The cargo—anchorage duplex is an exception: its active
address toehold can initiate interaction with an appropriate fuel.

The movement of the cargo between two anchorages occurs in
two stages (Figure 1). Each involves the reassortment of a pair of
largely homologous duplexes that proceeds via the formation and
migration of a four-arm Holliday junction (HJ).*® HJs are
nucleated by hybridization of complementary split toeholds
(Figure 1b): the two pairs of single-stranded domains hybridize
to form two of the arms of the junction, and the duplexes at the
center of the split toeholds (which are, by design, homologous)
become the other two arms. The reaction proceeds by reciprocal

strand exchange between the homologous arms, which is equiva-
lent to migration of the HJ. The reaction sequence is controlled
through the progressive release of toehold sequences from
complexes in which they are sequestered. The motor mechanism
relies on the fact that HJ-mediated strand exchange occurs much
more quickly if initiated by hybridization of both arms of a split
toehold to form a complete HJ. Hybridization of one arm only, to
form a three-arm junction, can also initiate HJ formation, but if
the toehold sequences are short enough, the complex is more
likely to dissociate (Figure S2, Supporting Information).

The split toehold formed by hybridization of the cargo to
anchorage X can bind to the split toehold of fuel hairpin F}
(Figure 1b). Migration of the junction leads to the opening of the
fuel hairpin and the displacement of the cargo from the ancho-
rage, but the cargo remains connected to the anchorage through
the fuel strand (Figure 1c). This reaction activates the destination
address domain ¥, that had been sequestered in the loop, which
now forms part of a new split toehold with cargo domain c. If
there is an adjacent anchorage displaying matching address y
(and, by design, there will be), then a second HJ can be formed by
association of split toeholds (Figure 1d), leading to transfer of the
cargo onto anchorage Y (Figure le/f). In exchange, the corre-
sponding removal strand is transferred backward to form a
complex with spent fuel F) and the previous anchorage X. The
complex on anchorage X prevents it from taking part in any
further hybridization reaction (Figure 1f), ensuring that the cargo
can only be transferred forward (a burnt bridges mechanism). In
the new complex between cargo and anchorage Y the new source
address (¥) is exposed and ready to react with a fuel containing
source address Y to initiate the next step (see Supporting Informa-
tion for further details of strand sequences and motor design).

The autonomous operation of the motor is controlled by the
release of previously sequestered toeholds to initiate subsequent
reactions. Hybridization of toeholds also provides the energy
required to drive directional motion: binding of a fuel hairpin to
an anchorage (Figure 1b,c) creates 16 new base pairs (bp), and
the subsequent interaction with the adjacent removal strand
creates a further 11 bp (Figure 1d—f). No base pairs are gained or
lost in the junction migration responsible for the intermediate
strand-exchange reactions. The total energy released per step is
approximately 37 kcal mol ™' (60 ksT).”’

This system is capable of autonomous motion, programmed
by the layout of addresses along the track and the mixture of fuel
hairpins present. All fuel hairpins (the complete program of
motion) can be added simultaneously—there is no need for
additional external control of the reaction sequence. Motion
down a linear track with alternating anchorages X, Y can be
programmed by adding fuel hairpins F; and Fj. This system is
directional after an initial symmetry-breaking step because back-
ward motion is blocked by the products of the previous reaction.
The symmetry between initial directions can be removed by
using three or more addresses (X —Y—Z—X...), in which case
directionality is programmed by the choice of fuel hairpins and
the burnt bridges mechanism is redundant. The direction chosen
by the cargo at a branch point X — (P,Q) can be programmed by
adding either F} or Fi.

A two-anchorage track (X,Y) was used to demonstrate that the
reaction of fuel hairpins can be coupled to the controlled move-
ment of cargo (X — Y) by sequential activation of toeholds
(Figure 2). In the initial configuration with cargo on anchorage X
(Figure 2b, lane 1) Fj reacts poorly because anchorage address Y
is inactive (Figure 2b, lane 2). However, fuel F) reacts readily
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Figure 3. Operation of motor on a linear track consisting of anchorages X, Y, and Z (green, blue, and orange). Fuel and cargo-laden track (50 nM) were
incubated for 90 min (parts a, b) or 30 min (parts ¢, d). (a) Movement left to right: lane 1, the cargo is initially bound to anchorage X; lanes 2—4, if fuels
are added individually, the cargo only interacts significantly with fuel F} only; lane S, if all fuels are added simultaneously, then all can react in the designed
sequence, transferring the cargo to anchorage Z; lane 6, the control is produced by annealing track, fuels, and removal strands such that each anchorage is
blocked by waste products: this is a close mimic of the designed final state (the cargo is replaced by a removal strand). (b) Movement right to left. As (a)
but with the cargo initially bound to anchorage Z. (c) Movement from the middle to the right: lane 1, the cargo is initially bound to the middle anchorage
Y; lane 2, F} moves the cargo to anchorage Z; lanes 3 and 4, controls showing that Ff moves the cargo from Y to Z, not X; lane 3, no additional interaction
is observed when FJ, is added with F}Z,, demonstrating that there is no cargo on anchorage X (which would enable F, to bind to the track); lane 4, Addition
of F} with F; causes an additional band shift, demonstrating that F} has moved all cargo to anchorage Z (where it can interact with F}). (d) Movement
from the middle to the left. As (c) but demonstrating movement from middle anchorage Y to X.

with the cargo bound at X (Figure 2b, lane 3) resulting in transfer
of the cargo from X to Y and activation of anchorage address Y
(see Figures SS and S6 in the Supporting Information for
measurements of reaction rates). Simultaneous addition of the
fuels F) and Fj results in their sequential reaction, with an overall
reaction yield of approximately 70% (Figure 2b, lane 4): first F}
transfers the cargo to Y, then F; lifts the cargo from Y to form the
complex that, on a longer track, would initiate the next step.

A three-anchorage track (X,Y,Z) was used to demonstrate that
the direction of transport can be controlled by information
encoded in the fuel hairpins. Addition of F}, Fj, F; results in
the movement of the cargo from X —Y — Z (Figure 33, lane 5).
The reaction of F; leaves the cargo ready to step to an anchorage
of type X such that the cargo could move continuously on
repeating track (X,Y,Z), if it were sufficiently rigid to pre-
vent stepping between nonadjacent anchorages (see Figure S7,
Supporting Information). The direction of movement can be

reversed by encoding movement with fuels F, Fj, F; that specify
movement of the cargo from Z —Y — X (Figure 3b, lane 5). We
attribute weak bands in Figure 3b, that correspond to out-of-
sequence interactions with fuel strands, to incorrectly assembled
tracks with the cargo initially bound to the wrong anchorage (see
Figure S8, Supporting Information).

When the cargo is loaded in the middle of the track (at Y) the
decision to move to right or left is made by adding Fj (move
right; Figure 3c, lane 2) or Ej (move left; Figure 3d, lane 2).
Cargo that has moved right (Y — Z) can subsequently react with
F) (Figure 3¢, lane 4) whereas cargo that has moved left cannot
(Figure 3d, lane 3). These experiments demonstrate that the
information encoded in the fuel hairpins is sufficient to control
the direction taken by the cargo.

The ability of the motor to navigate more complex track
configurations that include branch points was demonstrated
using a “T” junction track (W, X, Y, Z) where the cargo was
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Figure 4. Programmed motion at a junction. (a) The cargo is initially on anchorage W (red). Depending on the program embodied in the set of fuel
strands, the cargo can be sent to either exit. (b) PAGE analysis of programmed motion on the branched track (J). All fuels required to program the desired
pattern of movement across the junction are added simultaneously to cargo-laden track (18 nM) and incubated for 90 min. The cargo is moved to the junction
point by F, (lane 2). It can be moved beyond the junction, in either direction, by adding F}, and F; or Fy (lanes 3, 5). The presence of the cargo at the correct end
of the track is demonstrated by adding either F; or F} to lift it from the final anchorage (lanes 4, 6). (c) The final location of the cargo can be confirmed by
splitting the track in two using displacing strand D,. (d) PAGE analysis of the fragments formed by addition of D,. Comparison of the mobile track fragment
incorporating anchorage Z with controls confirms that the cargo is present on Z only when programmed to move to this anchorage (lane 1).

loaded at W, transferred to Y by F},, then sent left or right by F} or
F} (Figure 4a). Figure 4b shows PAGE analysis of the motion of
the cargo. Addition of the “left” fuel set FY,, Fy sends the cargo to
the left, finishing on Z (lanes 2, 3); its presence on Z is
demonstrated by adding F, (lane 4) which binds to the cargo-
activated anchorage (the flexibility of the track may allow further
transfer of the cargo to anchorage X at the other end of the track
—see Figure S8, Supporting Information). Addition of the
“right” fuel set F}, F} sends the cargo to the right (lanes 2, 5)
where its presence on X is demonstrated by adding F} (lane 6),
leaving the cargo bound to anchorage Y via the fuel strand. The
route taken by the cargo is confirmed by adding displacement
strand D, which is designed to separate anchorage Z from the rest
of the track (Figure 4c). PAGE analysis (Figure 4d) shows that
anchorage Z reacts only when the left fuel set is added.

A recent study demonstrated a motor whose direction of
motion is controlled by the stratagem of altering the path of its
linear track.”® We have made a further step in the development of
molecular robotics by showing that the behavior of an autono-
mous motor on a branched track can be programmed by a
rewritable external program encoded in DNA.
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