
Walking Molecules

Lit. Seminar
11.5.31(Tue.)

Katsuya SATO(M1)
Royal Society of Chemistry

Resizing Synthetic DNA walkers are about the same size as biological protein walkers. Small-molecule
walkers are about 1,000 times smaller.

Dozens of DNA walkers now exist. Some have more than two legs; others use alternatives to fuel strands to
stimulate a step forward. For example, some researchers use protein enzymes that can cleave DNA to cut
connections between trailing legs and the track so that the foot can swing forward. Other researchers have devised
hybrid DNA and RNA walkers that can themselves chemically cleave connections between their own trailing legs and
the track.

More recently, scientists have started to fashion walkers out of small molecules. In late 2009, the first such walker
—based on a small, 21-atom molecule—was reported by Max von Delius, Edzard M. Geertsema, and Leigh (Nat.
Chem., DOI: 10.1038/nchem.481). The two-legged walker has one sulfur and one hydrazide foot and walks on a track
composed of alternating benzaldehyde and benzylic disulfide footholds. Under acidic conditions, the sulfur foot is
tethered to the track by means of a disulfide bond, and the hydrazide foot can step forward powered by Brownian
motion. When the researchers push the solution to basic conditions, the hydrazide foot forms a covalent bond with
the benzaldehyde foothold. By using a redox reaction to sever the disulfide bond, the walker can step preferentially
in one direction instead of hopping back and forth in place.

Leigh’s team has since added to the walker a stilbene moiety whose stereochemistry can be toggled by light. This
switch in stereochemistry, coupled with changes in pH, determines the walker’s preferred strolling direction.

Next up, researchers developing synthetic walkers are trying to make them walk “further, faster, with more
sophistication,” says Andrew J. Turberfield, a physicist at Oxford University. Indeed, synthetic walkers’ stamina still
pales in comparison to their biological forerunners. For example, the biological walker kinesin typically takes about
100 steps. The record for DNA walkers is just 16 steps, and that for small-molecule walkers is a mere four steps.

Researchers are also starting to build walkers with some work ethic. Last May, Seeman and his colleagues reported a
DNA walker that was able to move cargoes of gold nanoparticles, a first step toward the goal of “coordinating
autonomous walkers with the operation of other nanomechanical devices” to make miniature assembly lines,
Seeman says (Nature, DOI: 10.1038/nature09026).

Also last year, Harvard University’s David R. Liu reported a DNA-based walker that could perform basic organic
synthesis as it stepped forward (Nat. Nanotechnol., DOI: 10.1038/nnano.2010.190). The series of three amine
acylations performed by the walker is “an early, and still modest, step toward integrating DNA-based devices with
real-world chemistry applications such as synthesis, screening, and sensing,” Liu says. “No one who is simply
concerned with making a particular tripeptide now would do so using our walker. But we hope that this study, and
others like it, will steadily increase the functionality of these devices so that eventually they will be able to bring
truly useful capabilities to the table.”
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Introduction
• What is “walking” ?

Why they walk on the “ground” 
not on the “wall” or “ceiling”?

She walks along the 
“road” to “forward”.

But he walks back.
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Introduction
• Walking needs...

a. Processivity : the ability to remain attached to the track

b. Directionality : migration preferentially or exclusively towards 
one end of the track

c. Repetitive operation : the ability to repeatedly perform similar 
mechanical cycles

d. Progressive operation : the capability to be reset at the end of 
each mechanical cycle without undoing the physical task that 
was originally performed

e. Autonomous operations : the ability to continually function as 
long as an energy input is present
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Processivity
• To achieve processivity

Chem. Soc. Rev. This journal is c The Royal Society of Chemistry 2011

3.2 Directionality—Brownian ratchet mechanisms

All biological molecular walkers operate with directional bias
towards one end of their respective tracks, an indication of
the importance that directionality plays in the function of
translational molecular motors. In fact, a molecule that
migrates in both directions of a track with equal probability
cannot be considered a motor (it does not perform net-
mechanical work) and could not carry out any useful task
(such as transporting cargo to the periphery of the cell).

Although biological molecular walkers, such as kinesin-I,
myosin-V and KIF1A, can provide valuable ideas for how to
realise processivity in artificial analogues (see Section 3.1), it is
doubtful that at the present time they can offer much insight
into how to achieve significant directional bias in purely
synthetic systems.66 This is because the molecular structure
and operating mechanisms in nature’s protein motors are so
complex that, at present, they are not understood in sufficient
detail to be useful design models. In our view, the most
valuable information for devising synthetic molecular motors
comes from theoretical physics and in particular from the field
of non-equilibrium statistical mechanics.15

The Principle of Detailed Balance69 states that, at equilibrium,
transitions between any two states take place in either direction
with no net flux. For molecular walkers, this implies that
at equilibrium no net-directional walker migration can occur
and that, for the emergence of directionality, detailed balance
must be broken for which an energy input is necessary. At
first sight, one might think that this energy input could be
provided by Brownian motion. This would, however, corres-
pond to a molecular version of a perfect heat engine, which
cannot be realised according to the second law of thermo-
dynamics70 that precludes the spontaneous emergence of heat
gradients.

During the past decade, theoretical physicists have devel-
oped theorems (usually referred to as Brownian ratchet
theory),71–80 that successfully explain the underlying behaviour
of both biological and synthetic molecular motors.13,14,80–84

There are three fundamental requirements for the emergence
of directed transport of a Brownian particle.15

A randomizing element: this is provided by random thermal
motion in all molecular-scale motors (biological or synthetic).

An energy input: in biological systems this is commonly
supplied by ATP hydrolysis; however in synthetic systems
many other forms of energy input are conceivable.
An asymmetric potential of energy or information in the

direction in which the motion occurs.
Many different theoretical variations based on these three

requirements have been discussed in the physics literature,
with a particularly extensive account provided by Reimann in
2002.77 For the design of synthetic molecular motors, it is
beneficial to distinguish between two general classes of Brownian
ratchets: energy ratchets and information ratchets.15

In an energy ratchet mechanism the potential energy surface
is periodically or stochastically varied irrespective of the
position of the particle in order to cause directional transport
(for example, the relative depths of two pairs of minima and
the relative heights of the maxima that connect them could be
repeatedly switched, as shown in Fig. 5). By simultaneously (or
sequentially) reversing the relative position of the two pairs of
thermodynamic minima and maxima, the particle is transported
predominantly from left to right (occasional transport over a
barrier in the wrong direction can occur). The direction of
particle migration depends on the order of the changing
thermodynamic minima and maxima. In Fig. 5 the purple
and blue relative minima always have the higher kinetic barrier
to their left. Changing the position of the kinetic barriers so
that the higher barrier was always on the right would result in
particle transport in the opposite direction.

Fig. 5 A flashing type of Brownian energy ratchet mechanism.

Sequential manipulation of the thermodynamic minima and kinetic

barriers experienced by a Brownian particle (indicated by red dot).

Fig. 4 Three possible strategies to confer processivity on the migration of a molecular walker: (a) two different feet and two different reaction

conditions/fuels. (b) Two identical feet, but an interaction with the track that breaks their symmetry and makes one foot significantly more

susceptible to the fuel. (c) One-legged walker that relies on secondary (tether) interactions (indicated by dashed lines) with the track.
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a) two different feet, two different fuels/conditions
b) two identical feet, the fuel with asymmetric interaction
c) one-legged walker with secondary interactions
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Directionality
• Maxwell’s “Demon”

Maxwell envisaged a gas enclosed within a container, to
and from which no heat or matter could flow. The second law
of thermodynamics requires that no gradient of heat or
pressure can spontaneously arise in such a system, as that
would constitute a reduction in entropy. Maxwell imagined
the system separated into two sections by a partition
(Figure 2). Having just proven that the molecules in a gas at

a particular temperature have energies statistically distrib-
uted about a mean, Maxwell postulated a tiny “being” able to
detect the velocities of individual molecules and open and
close a hole in the partition so as to allow molecules moving
faster than the average to move in one direction (R!L in
Figure 2) and molecules moving slower than the average to
move in the other (L!R in Figure 2). All the time, the
number of particles in each half and the total amount of
energy in the system remains the same. The result of the
demon!s endeavors being successful would be that one end of
the system (the “fast” end, L) would become hot and the
other (the “slow” end, R) cold; thus a temperature gradient is
set up without doing any work, contrary to the second law of
thermodynamics.

After its publication in “Theory of Heat”,[15b] Thomson
expanded upon Maxwell!s idea in a paper[21] read before the
Royal Society of Edinburgh on 16 February 1874, and
published a few weeks later in Nature,[22] introducing the
term “demon” for Maxwell!s being.[23] In using this word,
Thomson apparently did not intend to suggest a malicious
imp, but rather something more in keeping with the ancient
Greek roots of the word (more usually daemon) as a
supernatural being of a nature between gods and humans.
Indeed, neither Maxwell nor Thomson saw the demon as a
threat to the second law of thermodynamics, but rather an
illustration of its limitations—an exposition of its statistical
nature. This, however, has not been the view of many
subsequent investigators, who have perceived the demon as
an attempt to construct a perpetual motion machine driven by
thermal fluctuations. The term “Maxwell!s demon” has come

to describe all manner of hypothetical constructs designed to
overcome the second law of thermodynamics by continually
extracting energy to do work from the thermal bath.[14]

Maxwell noted that the demon principle could be
demonstrated in a number of different ways; a “pressure”
demon, for example, (Figure 2b) could sort particles so that
more end up in one end of a vessel than the other, which

required different information to
operate from the original tem-
perature demon (the direction of
approach of a particle, not its
speed).

1.2.1.2. Szilard’s Engine

Both Maxwell and Thomson
appreciated that the operation of
these systems for separating
Brownian particles appeared to
rely on the demon!s “intelli-
gence” as an animate being, but
did not try to quantify it. Leo
Szilard made the first attempt to
mathematically relate the
demon!s intelligence to the ther-
modynamics of the process by
considering the performance of a
machine based on the “pressure
demon”, namely, Szilard!s engine

(Figure 3).[17] Szilard realized that the operations which the
demon carries out can be reduced to a simple computational
process. In particular, he recognized the process requires
measurement of the approach of the particle to gain
information about its direction and speed, which must be
remembered and then acted upon.[24]

1.2.1.3. Smoluchowski’s Trapdoor

The concept of a purely mechanical Brownian motion
machine which does not require any intelligent being to
operate it was first explored by Marian von Smoluchowski
who imagined the Maxwell system as two gas-containing
compartments with a spring-loaded trapdoor in place of the
demon-operated hole (Figure 4a).[16] If the spring is weak
enough, it might appear that the door could be opened by
collisions with gas molecules moving in one direction (L!R
in Figure 4a) but not the other, and so allow transport of
molecules preferentially in one direction thereby creating a
pressure gradient between the two compartments. Smolu-
chowski recognized (although could not prove) that if the
door had no way of dissipating the energy it gains from
Brownian collisions it would be subject to the same amount of
random thermal motion as the rest of the system and would
not then function as the desired one-way valve.

1.2.1.4. Feynman’s Ratchet and Pawl

Richard Feynman revisited these ideas in his celebrated
discussion of a miniature ratchet and pawl—a construct

Figure 2. a) Maxwell’s “temperature demon” in which a gas at uniform temperature is sorted into “hot”
and “cold” molecules.[15] Particles with energy higher than the average are represented by red dots while
blue dots represent particles with energies lower than the average. All mechanical operations carried out
by the demon involve no work—that is, the door is frictionless and it is opened and closed infinitely
slowly. The depiction of the demon outside the vessel is arbitrary and was not explicitly specified by
Maxwell. b) A Maxwellian “pressure demon” in which a pressure gradient is established by the door
being opened only when a particle in the left compartment approaches it.[15c]
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the system separated into two sections by a partition
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detect the velocities of individual molecules and open and
close a hole in the partition so as to allow molecules moving
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Figure 2) and molecules moving slower than the average to
move in the other (L!R in Figure 2). All the time, the
number of particles in each half and the total amount of
energy in the system remains the same. The result of the
demon!s endeavors being successful would be that one end of
the system (the “fast” end, L) would become hot and the
other (the “slow” end, R) cold; thus a temperature gradient is
set up without doing any work, contrary to the second law of
thermodynamics.

After its publication in “Theory of Heat”,[15b] Thomson
expanded upon Maxwell!s idea in a paper[21] read before the
Royal Society of Edinburgh on 16 February 1874, and
published a few weeks later in Nature,[22] introducing the
term “demon” for Maxwell!s being.[23] In using this word,
Thomson apparently did not intend to suggest a malicious
imp, but rather something more in keeping with the ancient
Greek roots of the word (more usually daemon) as a
supernatural being of a nature between gods and humans.
Indeed, neither Maxwell nor Thomson saw the demon as a
threat to the second law of thermodynamics, but rather an
illustration of its limitations—an exposition of its statistical
nature. This, however, has not been the view of many
subsequent investigators, who have perceived the demon as
an attempt to construct a perpetual motion machine driven by
thermal fluctuations. The term “Maxwell!s demon” has come

to describe all manner of hypothetical constructs designed to
overcome the second law of thermodynamics by continually
extracting energy to do work from the thermal bath.[14]

Maxwell noted that the demon principle could be
demonstrated in a number of different ways; a “pressure”
demon, for example, (Figure 2b) could sort particles so that
more end up in one end of a vessel than the other, which

required different information to
operate from the original tem-
perature demon (the direction of
approach of a particle, not its
speed).

1.2.1.2. Szilard’s Engine

Both Maxwell and Thomson
appreciated that the operation of
these systems for separating
Brownian particles appeared to
rely on the demon!s “intelli-
gence” as an animate being, but
did not try to quantify it. Leo
Szilard made the first attempt to
mathematically relate the
demon!s intelligence to the ther-
modynamics of the process by
considering the performance of a
machine based on the “pressure
demon”, namely, Szilard!s engine

(Figure 3).[17] Szilard realized that the operations which the
demon carries out can be reduced to a simple computational
process. In particular, he recognized the process requires
measurement of the approach of the particle to gain
information about its direction and speed, which must be
remembered and then acted upon.[24]

1.2.1.3. Smoluchowski’s Trapdoor

The concept of a purely mechanical Brownian motion
machine which does not require any intelligent being to
operate it was first explored by Marian von Smoluchowski
who imagined the Maxwell system as two gas-containing
compartments with a spring-loaded trapdoor in place of the
demon-operated hole (Figure 4a).[16] If the spring is weak
enough, it might appear that the door could be opened by
collisions with gas molecules moving in one direction (L!R
in Figure 4a) but not the other, and so allow transport of
molecules preferentially in one direction thereby creating a
pressure gradient between the two compartments. Smolu-
chowski recognized (although could not prove) that if the
door had no way of dissipating the energy it gains from
Brownian collisions it would be subject to the same amount of
random thermal motion as the rest of the system and would
not then function as the desired one-way valve.

1.2.1.4. Feynman’s Ratchet and Pawl
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Figure 2. a) Maxwell’s “temperature demon” in which a gas at uniform temperature is sorted into “hot”
and “cold” molecules.[15] Particles with energy higher than the average are represented by red dots while
blue dots represent particles with energies lower than the average. All mechanical operations carried out
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being opened only when a particle in the left compartment approaches it.[15c]
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a) temperature demon b) pressure demon

Demon works against the second law of thermodynamics.
( randomness -> direction )

 D. Leigh Angew. Chem. Int. Ed. 2007, 46, 72-191 
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Directionality
• Feynman’s Brownian Ratchet

designed to illustrate how the irreversible second law of
thermodynamics arises from the fundamentally reversible
laws of motion.[18] Feynman!s device (Figure 4b) consists of a
miniature axle with vanes attached to one end, surrounded by
a gas at temperature T1. At the other end of the axle is a
ratchet and pawl system, held at temperature T2. The question
posed by the system is whether the random oscillations
produced by gas molecules bombarding the vanes can be
rectified by the ratchet and pawl so as to get net motion in one
direction. Exactly analogous to Smoluchowski!s trapdoor,
Feynman showed that if T1=T2 then the ratchet and pawl
cannot extract energy from the thermal bath to do work.
Feynman!s major contribution from the perspective of
molecular machines, however, was to take the analysis one
stage further: if such a system cannot use thermal energy to do
work, what is required for it to do so? Feynman showed that
when the ratchet and pawl are cooler than the vanes (that is,
T1>T2) the system does indeed rectify thermal motions and
can do work (Feynman suggested lifting a hypothetical flea
attached by a thread to the ratchet).[25] Of course, the machine
now does not threaten the second law of thermodynamics as
dissipation of heat into the gas reservoir of the ratchet and
pawl occurs, so the temperature difference must be main-
tained by some external means. Although insulating a
molecular-sized system from the outside environment is

difficult (and temperature gradients cannot be maintained
over molecular-scale distances, see Section 1.3), what this
hypothetical construct provides is the first example of a
plausible mechanism for a molecular motor—whereby the
random thermal fluctuations characteristic of this size regime
are not fought against but instead are harnessed and rectified.
The key ingredient is the external addition of energy to the
system, not to generate motion but rather to continually or
cyclically drive the system away from equilibrium, thereby
maintaining a thermally activated relaxation process that
directionally biases Brownian motion towards equilibrium.[26]

This profound idea is the key to the design of molecular-level
systems that work through controling Brownian motion and is
expanded upon in Section 1.4.

1.2.2.Machines That Operate at Low Reynolds Number

Whilst rectifying Brownian motionmay provide the key to
powering molecular-level machines, it tells us nothing about
how that power can be used to perform tasks at the nanoscale
and what tiny mechanical machines can and cannot be

Figure 3. Szilard’s engine which utilizes a “pressure demon”.[17]

a) Initially a single Brownian particle occupies a cylinder with a piston
at either end. A frictionless partition is put in place to divide the
container into two compartments (a!b). b) The demon then detects
the particle and determines in which compartment it resides. c) Using
this information, the demon is able to move the opposite piston into
position without meeting any resistance from the particle. d) The
partition is removed, allowing the “gas” to expand against the piston,
doing work against any attached load (e). To replenish the energy used
by the piston and maintain a constant temperature, heat must flow
into the system. To complete the thermodynamic cycle and reset the
machine, the demon’s memory of where the particle was must be
erased (f!a). To fully justify the application of a thermodynamic
concept such as entropy to a single-particle model, a population of
Szilard devices is required. The average for the ensemble over each of
these devices can then be considered to represent the state of the
system, which is comparable to the time average of a single multi-
particle system at equilibrium, in a fashion similar to the statistical
mechanics derivation of thermodynamic quantities.

Figure 4. a) Smoluchowski’s trapdoor: an “automatic” pressure
demon (the directionally discriminating behavior is carried out by a
wholly mechanical device, a trapdoor which is intended to open when
hit from one direction but not the other).[16] Like the pressure demon
shown in Figure 2b, Smoluchowski’s trapdoor aims to transport
particles selectively from the left compartment to the right. However,
in the absence of a mechanism whereby the trapdoor can dissipate
energy it will be at thermal equilibrium with its surroundings. This
means it must spend much of its time open, unable to influence the
transport of particles. Rarely, it will be closed when a particle
approaches from the right and will open on collision with a particle
coming from the left, thus doing its job as intended. Such events are
balanced, however, by the door snapping shut on a particle from the
right, pushing it into the left chamber. Overall, the probability of a
particle moving from left to right is equal to that for moving right to
left and so the trapdoor cannot accomplish its intended function
adiabatically. b) Feynman’s ratchet and pawl.[18] It might appear that
Brownian motion of the gas molecules on the paddle wheel in the
right-hand compartment can do work by exploiting the asymmetry of
the teeth on the cog of the ratchet in the left-hand compartment.
While the spring holds the pawl between the teeth of the cog, it does
indeed turn selectively in the desired direction. However, when the
pawl is disengaged, the cog wheel need only randomly rotate a tiny
amount in the other direction to move back one tooth whereas it must
rotate randomly a long way to move to the next tooth forward. If the
paddle wheel and ratchet are at the same temperature (that is, T1=T2)
these rates cancel out. However, if T1¼6 T2 then the system will
directionally rotate, driven solely by the Brownian motion of the gas
molecules. Part (b) reprinted with permission from Ref. [18].

Molecular Devices
Angewandte

Chemie
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Whether can the random oscillations produced by gas 
molecules bombarding the vanes be rectified by the 
ratchet and pawl so as to get net motion in one direction?

If T1 = T2, the answer is “no”.

However, on the contrary, cooling the ratchet and pawl by external means 
makes it possible to rectify the random motion.
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Directionality
• Energy-ratchet

into two basic types—pulsating ratchets and tilting ratchets—
and are the subject of a recent major review by Reimann,[39f]

and information ratchets, which are much less common in the
physics literature, but have been discussed by Parrondo,
Astumian, and others.[39h,42b,45] Both energy ratchets and
information ratchets bias the movement of a Brownian
substrate.[46] However, we will also show (Sections 1.4.3 and
4.4) that they offer clues for how to go beyond a simple switch
with a chemical machine to enable tasks to be performed
through the non-equilibrium control of conformational and
co-conformational changes within molecular structures.

1.4.2.1. Pulsating Ratchets[39f ]

Pulsating ratchets are a general category of energy ratchet
in which potential-energy minima and maxima are varied in a
periodic or stochastic fashion, independent of the position of
the particle on the potential-energy surface. In its simplest
form this can be considered as an asymmetric sawtooth
potential being repetitively turned on and off faster than
Brownian particles can diffuse over more than a small fraction
of the potential energy surface (an “on–off” ratchet,
Figure 6). The result is net directional transport of the
particles across the surface (left to right in Figure 6).

More general than the special case of an on–off ratchet,
any asymmetric periodic potential may be regularly or
stochastically varied to give a ratchet effect (such mechanisms
are generally termed “fluctuating potential” ratchets). As
with the simple on–off ratchet, most commonly encountered
examples involve switching between two different potentials
and are therefore often termed “flashing” ratchets. A classic
example, which has particular relevance for explaining a

number of biological processes[42b] as well as being the basis
for a [2]catenane rotary motor (see Section 4.6.3), is illus-
trated in Figure 7. It consists in physical terms of an
asymmetric potential-energy surface (comprising a periodic

series of two different minima and two different maxima)
along which a Brownian particle is directionally transported
by sequentially raising and lowering each set of minima and
maxima. The particle starts in a green or orange well
(Figure 7a or c). Raising that energy minimumwhile lowering
those in adjacent wells provides the impetus for the particle to
change position by Brownian motion (Figure 7b!7c or 7d!
7e). By simultaneously (or beforehand) changing the relative
heights of the energy barrier to the next energy well, the
kinetics of the Brownian motion in each direction are
different and the particle is transported from left to right.
Note that the position of the particle does not influence the
sequence in which (or when, or if) the energy minima and
maxima are changed. Furthermore, the switching of the

Figure 6. An example of a pulsating ratchet mechanism—an on–off
ratchet.[39f ] a) The Brownian particles start out in energy minima on the
potential-energy surface with the energy barriers @ kBT. b) The poten-
tial is turned off so that free Brownian motion powered diffusion is
allowed to occur for a short time period (much less than required to
reach global equilibrium). c) On turning the potential back on again,
the asymmetry of the potential means that the particles have a greater
probability of being trapped in the adjacent well to the right rather
than the adjacent well to the left. Note this step involves raising the
energy of the particles. d) Relaxation to the local energy minima
(during which heat is emitted) leads to the average position of the
particles moving to the right. Repeating steps (b)–(d) progressively
moves the Brownian particles further and further to the right.

Figure 7. Another example of a pulsating ratchet mechanism—a flash-
ing ratchet.[42b] For details of its operation, see the text.

Molecular Devices
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Directionality
• Information-ratchet

periodic force cases (imagine applying the electric field
discussed above for longer in one direction than the other),
but is less so for stochastic driving forces. In general, these
mechanisms are known as “asymmetrically tilting” ratchets.

1.4.2.3. Information Ratchets[39h,42b,45]

In the pulsating and tilting types of energy ratchet
mechanisms, perturbations of the potential-energy surface—
or of the particle!s interaction with it—are applied globally
and independent of the particle!s position, while the perio-
dicity of the potential is unchanged. Information ratchets
(Figure 10) transport a Brownian particle by changing the
effective kinetic barriers to Brownian motion depending on
the position of the particle on the surface. In other words, the
heights of the maxima on the potential-energy surface change
according to the location of the particle (this requires
information to be transferred from the particle to the surface)
whereas the potential-energy minima do not necessarily need
to change at all. This switching does not require raising the
potential energy of the particle at any stage, rather the motion
can be powered with energy taken entirely from the thermal
bath by using information about the position of the particle.
This is directly analogous to the mechanism required of
Maxwell!s pressure demon (Figure 2b, Section 1.2.1.1), but
does not break the second law of thermodynamics as the
required information transfer (actually, information era-
sure[48]) has an intrinsic energy cost that has to be met
externally.

It appears to us that information-ratchet mechanisms of
relevance to chemical systems can arise in at least three ways:
1) a localized change to the intrinsic potential-energy surface
depending on the position of the particle (Figure 10); 2) a
position-dependent change in the state of the particle which
alters its interaction with the potential-energy surface at that
point; or 3) switching between two different intrinsic periodic
potentials according to the position of the particle.[39h,49] An
example of the first of these types, in which the system
responds to the “information” from the particle by lowering
the energy barrier to the right-hand side (and only to the
right-hand side) of the particle, is shown in Figure 10.

The particle starts in one of the identical-minima energy
wells (Figure 10a). The position of the particle lowers the
kinetic barrier for passage to the adjacent right-hand well and
it moves there by Brownian motion (10b!10c). At this point
it can sample two energy wells by Brownian motion, and a
random reinstatement of the barrier has a 50% chance of
returning the particle to its starting position and a 50%
chance of trapping it in the newly accessed well to the right

Figure 9. A rocking ratchet.[39f ] a) The Brownian particles start out in
energy minima on the potential-energy surface with the energy barriers
@kBT. b) A directional force is applied to the left. c) An equal and
opposite directional force is applied to the right. d) Removal of the
force and relaxation to the local energy minimum leads to the average
position of the particles moving to the right. Repeating steps (b)–(d)
progressively moves the Brownian particles further and further to the
right.

Figure 10. A type of information ratchet mechanism for transport of a
Brownian particle along a potential-energy surface.[39h,42b,45] Dotted
arrows indicate the transfer of information that signals the position of
the particle. If the signal is distance-dependent—say, energy transfer
from an excited state which causes lowering of an energy barrier—
then the asymmetry in the particle’s position between two barriers
provides the “information” which transports the particle directionally
along the potential energy surface.
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a) The particle starts in one of the identical-minima energy wells.

b) The position of the particle lowers the kinetic barrier.

c) The particle moves to the adjacent right-hand well by Brownian 
motion.

d) The particle can no longer go back to the starting well.
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could only be realised in a walker system where the two feet
can be addressed separately.

Many rotary motors21,86 achieve directional dynamic
behaviour due to the helical chirality inherent to their
molecular design.87 Similarly, introducing chirality into the
walker moiety and track (or fuel) of a molecular walker system
could, when coupled to fuel consumption, potentially lead to
directional walker locomotion (not shown in Fig. 7).

3.3 Autonomous operation

The fuel for biological motors (ATP) is present in the cell at all
times, enabling them to operate in an autonomous manner.
If autonomous operation and processivity are to be achieved in
a synthetic molecular walker, the action of the two feet must
be coordinated (otherwise both feet could interact with the
excess fuel and detach). This means that a structural gate
(for example in the track) must guarantee that, when one
foot is detached, the other cannot dissociate from the track at
the same time. This has been cleverly achieved for several
DNA-based synthetic walker systems.

However, sequential operation can also offer useful benefits:
(i) walker migration can proceed in a controlled manner in
either direction of the molecular track (no natural or artificial
autonomous walking devices achieve this); (ii) the rate of
oscillation of the reaction conditions, and thus the speed of
walker migration, can be controlled; and (iii) walker migration
can be stopped at any time which allows the distance travelled
by the walker to be governed precisely.

4. DNA-based molecular walkers

Since 2004, a number of molecular walker–track systems
which are either largely or entirely assembled from DNA

building blocks have been reported.88 Many of these
DNA-walkers are genuine molecular motors since they exhibit
all four of the fundamental motor characteristics: progressive,
repetitive, processive and directionally biased transport of a
molecular fragment (walker unit) along a track. Synthetic
DNA walkers are generally of a similar size, or even larger
than, biological motor proteins such as kinesin-I.

4.1 Non-autonomous DNA walkers

The first example of a non-autonomous DNA walker, i.e. one
that relies on the sequential addition of suitable chemical fuels,
was described in 2004 by Sherman and Seeman.89 With the
exception of psoralene and biotin tags, which both serve
particular functional roles, the entire walker–track system is
made of DNA oligonucleotides. A double-stranded triple
crossover (TX)90 DNA structure (in solid black; Scheme 1a)
serves as the rigid backbone of the track from which three
single-stranded footholds of differing nucleotide sequence
protrude (dark blue, green and light blue; Scheme 1a). The
biped is constructed of two double-stranded ‘legs’ (black;
Scheme 1a), two different single-stranded ‘feet’ (red and
orange; psoralene tags in bright red; Scheme 1a) and three
flexible linker strands (black curved lines) that connect the two
legs and remain single-stranded throughout the experiments.
The starting position of the walker on the track was

established in buffered aqueous solution at 16 1C by the
addition of anchor strands that were partially complementary
to the two strands in one foot/foothold pair: anchor strand 1A
(Scheme 1a) is complementary to the single-stranded regions
of foothold 1 and foot A, whereas anchor strand 2B matches
foothold 2 and foot B. In contrast to biological walkers, such
as kinesin-I, this DNA device does not rely on direct interac-
tions between the walker and the track. Instead, the anchor

Fig. 7 Four possible strategies to confer directionality on the migration of a molecular walker: (a) reversible foot exchange coupled to

consumption of stoichiometric complex fuel X (an information ratchet mechanism). The driving force for directional transport is provided by the

reaction X - Y. The feet can be identical (coordination required) or different (in which case a second fuel, X0, may be required). (b) A ‘burnt-

bridges’ walker catalyses the decomposition of the footholds, thus rendering any step in the forward direction essentially irreversible (an

information ratchet mechanism). Feet can be identical (coordination required) or different. (c) Reversible migration processes that can be induced

by catalytic reagents, but require energy input through switching stimulus (an energy ratchet mechanism). Feet cannot be identical. (d) One (or

more) irreversible, kinetically controlled, migration process (I; an information ratchet mechanism). Feet cannot be identical.
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a) reversible foot exchange
b) a “burnt-bridges” walker
c) migration requiring energy input through switching stimulus
d) irreversible, kinetically controlled migration
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Resizing Synthetic DNA walkers are about the same size as biological protein walkers. Small-molecule
walkers are about 1,000 times smaller.

Dozens of DNA walkers now exist. Some have more than two legs; others use alternatives to fuel strands to
stimulate a step forward. For example, some researchers use protein enzymes that can cleave DNA to cut
connections between trailing legs and the track so that the foot can swing forward. Other researchers have devised
hybrid DNA and RNA walkers that can themselves chemically cleave connections between their own trailing legs and
the track.

More recently, scientists have started to fashion walkers out of small molecules. In late 2009, the first such walker
—based on a small, 21-atom molecule—was reported by Max von Delius, Edzard M. Geertsema, and Leigh (Nat.
Chem., DOI: 10.1038/nchem.481). The two-legged walker has one sulfur and one hydrazide foot and walks on a track
composed of alternating benzaldehyde and benzylic disulfide footholds. Under acidic conditions, the sulfur foot is
tethered to the track by means of a disulfide bond, and the hydrazide foot can step forward powered by Brownian
motion. When the researchers push the solution to basic conditions, the hydrazide foot forms a covalent bond with
the benzaldehyde foothold. By using a redox reaction to sever the disulfide bond, the walker can step preferentially
in one direction instead of hopping back and forth in place.

Leigh’s team has since added to the walker a stilbene moiety whose stereochemistry can be toggled by light. This
switch in stereochemistry, coupled with changes in pH, determines the walker’s preferred strolling direction.

Next up, researchers developing synthetic walkers are trying to make them walk “further, faster, with more
sophistication,” says Andrew J. Turberfield, a physicist at Oxford University. Indeed, synthetic walkers’ stamina still
pales in comparison to their biological forerunners. For example, the biological walker kinesin typically takes about
100 steps. The record for DNA walkers is just 16 steps, and that for small-molecule walkers is a mere four steps.

Researchers are also starting to build walkers with some work ethic. Last May, Seeman and his colleagues reported a
DNA walker that was able to move cargoes of gold nanoparticles, a first step toward the goal of “coordinating
autonomous walkers with the operation of other nanomechanical devices” to make miniature assembly lines,
Seeman says (Nature, DOI: 10.1038/nature09026).

Also last year, Harvard University’s David R. Liu reported a DNA-based walker that could perform basic organic
synthesis as it stepped forward (Nat. Nanotechnol., DOI: 10.1038/nnano.2010.190). The series of three amine
acylations performed by the walker is “an early, and still modest, step toward integrating DNA-based devices with
real-world chemistry applications such as synthesis, screening, and sensing,” Liu says. “No one who is simply
concerned with making a particular tripeptide now would do so using our walker. But we hope that this study, and
others like it, will steadily increase the functionality of these devices so that eventually they will be able to bring
truly useful capabilities to the table.”

Chemical & Engineering News

Synthetic Strollers | Science & Technology | Chemical & Engineering News http://pubs.acs.org.ezproxy.webfeat.lib.ed.ac.uk/isubscribe/journals/cen...

3 of 4 21/03/2011 01:01
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of their two feet, so that at any time during the catalytic cycle
at least one of the two feet is bound strongly to the track. This
is particularly remarkable in the case of kinesin-I, which
achieves high processivity despite having two chemically identical
feet (see Section 2.2).

The mechanism that confers directional bias to the walker
locomotion is similar in all myosins (Fig. 2a), dyneins (Fig. 2b)
and kinesins (Fig. 2c). In each case, a small conformational
change that occurs at the catalytic motor domain during a
specific stage of the ATP hydrolysis cycle is transduced into a
large-amplitude motion in the forward direction. In myosins
(Fig. 2a) the release of inorganic phosphate (Pi) triggers a
conformational change in the motor domain that is conveyed
to a long and rigid lever arm (light blue region in Fig. 2a). As a
result, this lever arm is immediately propelled 25 nm towards
the next forward binding site. Thermal diffusion of the detached
foot is believed to play only a minor role in this ‘power-stroke’
mechanism.12 The mechanism found in kinesins is very similar
and the motor domains in kinesins and myosins have been
shown to be virtually identical,34 with only two notable
differences. (i) For kinesins the crucial conformational change
occurs during ATP binding, not phosphate release; and (ii) in
kinesin the element that acts as a mechanical amplifier is
flexible (light blue region in Fig. 2a), which indicates that a
power-stroke mechanism can only operate to a limited degree.

Kinesin-I is perhaps the prototypical processive motor
protein, and the basic characteristics of its dynamics is the
model for most artificial molecular walkers described to date.
Accordingly, we shall discuss the molecular basis for its
walking mechanism in more detail.

2.2 Kinesin-I

Kinesin-I (also referred to as ‘conventional kinesin’ or just
‘kinesin’) was first isolated in 1985 by Vale and co-workers35

and can be extracted in relatively large quantities from the
brain.26 For this practical reason kinesin-I is by far the most
studied member of the kinesin superfamily.26–28,36–56 Kinesin-I
is a homodimeric protein consisting of two chains of
120–130 kDa each. The dimer comprises three distinct regions
(see Fig. 2c): (i) a tail that binds cargo and most likely plays a
part in the regulation of the motor activity;57,58 (ii) an inter-
twined stalk, responsible for the dimeric nature of kinesin-I
but which may also play a subtle role in the motor mechanism;
and (iii) two identical heads (350 amino acids each) which are
responsible for ATP hydrolysis and binding to the microtubular
track. From a mechanistic point of view, the ATP hydrolysis
domain and the neck and hinge region (light blue domain in
Fig. 2c) are particularly important.
Soon after its discovery it was established that kinesin-I

migrates along microtubular tracks with high processivity. An
average run length of B1 mm, which corresponds to B100
steps, has been determined using optical tweezers.36,37,59–64

Similar experiments have shown that the length of individual
steps is 8 nm,43 which corresponds exactly to the smallest
distance between two binding sites (a/b-tubuline dimers) on
the polymeric track. The mechanism of kinesin-I’s gait has,
however, remained controversial until recently, due to initially
conflicting experimental results.
Theoretically, a molecular biped with two identical feet can

walk along a track in three different ways: (i) symmetric
hand-over-hand (where the two feet exchange leading and
trailing positions, but alternate steps are identical); (ii) asymmetric
hand-over-hand (where the two feet exchange leading and
trailing positions, but alternate steps differ mechanistically);
and (iii) inchworm (where one head is always leading).
Kinesin-I does not rotate its stalk while walking along the

microtubule, a discovery that was interpreted as possibly
indicative of an inchworm mechanism.43 Fluorophore foot-
labelling experiments, however, demonstrated that each motor
domain moves in steps of 16 nm,51 an observation that
strongly points towards a hand-over-hand mechanism
(kinesin-I’s centroid would still move 8 nm per step, as earlier
experiments had shown). The asymmetric hand-over-hand
mechanism supports both observations and, indeed, evidence
has been found for a ‘limping’ that occurs during every second
step.50

Two key questions remain, however, that biophysicists are
currently trying to answer: What is the molecular basis for
kinesin-I’s behaviour and in particular, how does kinesin-I,
with two identical feet, achieve processivity and directionality?
While many details are still under debate, Block has recently

proposed a ‘‘consensus model’’27 for the kinesin-I walking
mechanism, illustrated in Fig. 3:
Resting state (Fig. 3, I and II). For the situation where one

motor domain is bound to ADP and the other motor domain
is unbound, an equilibrium between two conformers has been
found (I and II in Fig. 3). In both conformers, the foot
including the vacant motor domain (yellow in Fig. 3, left hand
side) binds strongly with the track. In conformer I, the ADP
bound foot interacts with the track, which results in a certain
amount of ring strain in the neck-linker region. In conformer
II, which represents the only unstrained intermediate in the
catalytic cycle, the ADP bound foot is detached from the

Fig. 2 Examples of processive motor proteins from the three major

superfamilies: (a) Myosin-V. (b) Cytoplasmic dynein. (c) Kinesin-1.

Representations based on atomic resolution structures.10 Blue: motor

domains; light blue: mechanical amplifiers; purple: cargo attachment

site; green: associated motor units. Adapted by permission from

Elsevier: Cell (ref. 10), copyright (2003).
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All of the detailed biochemical and kinetic experiments
described above were performed using mouse or chicken
myoVa, but processivity is not a universal feature of class-
V myosins. Transient kinetic analysis of DrosophilamyoV
suggests that ADP release is not rate limiting here and the
molecule is not capable of moving actin filaments in a
processive manner in motility assays [39]. In addition, it
was concluded on the basis of actin landing assays that the
two type-V myosins from S. cerevisiae, myo2p and myo4p,
are not processive either [40]. It should be noted, how-
ever, that these difficult assays are an indirect measure of
processivity and more direct assays such as optical trap-
ping or TIRF motility assays have not yet been carried
out on the yeast myosins.

Models for processive movements
Several models have been presented for the processive
movement of myoV. Nearly all assume that the two-
headed structure is necessary (for an alternative, see
[41]). The critical issues are the nucleotide state and the

actin affinity of the two heads of myosin during dwell
periods (Figure 2). Optical trapping studies, measuring
the stiffness of acto-myosin during attachment, detected
a reduced level of stiffness just prior to each step transition,
suggesting that, at saturating ATP concentrations and low
load, the molecule dwells mostly with both heads strongly
bound to actin [states (b) or (c) in Figure 2] [5]. This is
consistent with the biochemical, mechanical and structural
studies suggesting that, under these conditions, myoV
dwells with both heads strongly bound in some ADP
state(s) and that the detachment kinetics of the heads
are determined by a slightly accelerated and strongly
reduced ADP release on the trail and lead heads, respec-
tively, due to intramolecular strain [5,6,19!!,31!,34!!]. In
this model myoV moves processively as long as the lead
head rebinds strongly to actin before the trail head releases
ADP and subsequently binds ATP, resulting in detach-
ment of that head and, thus, the whole molecule. The
pathway in Figure 2 would be (a)!(b)!(c)!(d) for a
single step. Unresolved issues are whether the lead head

Walking with myosin V Sellers and Veigel 71

Figure 2

Models for processive stepping. Two main pathways — (a)!(b)!(c)!(d) or (a)!(e)!(c)!(d) — are indicated as described in the text. The red
dot represents Pi and the blue dot represents ADP. The faint blue lines in (c) represent a case where the lead head has gone through its working
stroke and increased the intramolecular strain.

www.sciencedirect.com Current Opinion in Cell Biology 2006, 18:68–73

was attached to a neck (17, 18). Our aim here was
to resolve the neck motion during the transition
between the two static orientations, and to infer
the force behind the motion. Translational motion
of a neck during the transients was recently re-
ported (19). To examine rotational motion, we at-
tached a micrometer-sized, fluorescently labeled
microtubule to one of the necks of myosin V.

We replaced calmodulin light chains that
wrap around the necks (Fig. 1A) with an
engineered fusion protein in which calmodulin
was connected to a motor domain of a mutated
kinesin (20) that irreversibly binds to a micro-
tubule (Fig. 1B). Then we added fluorescently
labeled microtubules, hoping that in some myo-
sin molecules only one of the two necks would
bind a microtubule at multiple points. An actin
filament was suspended in solution by holding
two polystyrene beads attached to the filament
ends with dual optical tweezers (21). By moving
the microscope stage, we manipulated a floating
microtubule, typically 2 to 3 mm long and binding
at most eight myosin V molecules per mm, onto
the actin filament. On rare occasions, the microtu-
bule bound to actin, presumably through myosin
V, and swung to and fro several times, primarily
in the image plane (Fig. 1; see also fig. S1 and
movies S1 and S2). We think the swings reflect
the myosin neck motion because (i) the two
relatively stationary angles (blue and red hori-
zontal bars in Fig. 1D and fig. S1) were separated
by ~100° (±20° SD for 17 swings), consistent

with the angles between the V-shaped necks in
the electron micrographs (16); (ii) dwell times on
the stationary angles averaged 3 to 4 s, as
expected for ATP-initiated swings at 0.2 to 0.3
mMATP with a rate of ATP binding (22) of 0.9 ×
106 M−1 s−1; and (iii) the swings accompanied
microtubule translocation. Swings in one direc-
tion (from blue to red bars) were always uni-
directional, indicative of a power stroke. The
other direction often involved extensive fluctua-
tions, as in Fig. 1D at 15 to 17 s, suggesting
Brownian search of a lifted neck for a next
binding site. The micrometer-sized microtubule
probe thus allowed us to visualize neck motion
and confirm the expected behavior, but we were
unable to obtain sufficient data to study details of
the stepping dynamics.

We thus tried a reverse scheme (Fig. 2A):
Instead of fixing an actin filament in space, we
fixed a microtubule carrying myosin V (0.3 to
1 molecule mm−1) on a glass surface and waited
for a short (~1 mm) actin filament to land on it and
move. For myosin V on the top surface of a
microtubule 25 nm in diameter, movement of the
actin filament in a horizontal plane would not be
hindered by the glass surface. Note that the
bound neck of myosin V is not necessarily par-
allel to the thick microtubule consisting of 13
tubulin protofilaments (Fig. 2A). In this reverse
configuration, the actin filament would swing
between two stationary angles where both heads
of myosin V bind the filament. In between, the

filament would be carried by one neck and would
report the orientation of the actin-binding surface
of the head. The actin filament would be
translocated, with respect to the neck immobi-
lized on the microtubule, by ~70 nm in the swing
3 → 5 in Fig. 2A; no translocation would ac-
company the swing 1 → 3. If a free joint(s)
existed between two necks, the actin filament
would undergo rotational Brownian fluctuation
during swings accompanying the ~70-nm trans-
location, whereas the opposite swings would be
unidirectional.

We observed the expected motions, and we
analyzed 11 actin filaments that met the criteria of
four or more swings between two stationary
angles and translocation per swing of >25 nm
(Figs. 2 and 3, fig. S5, and movies S3 and S4). A
prominent feature was the asymmetry of swings
(Fig. 2C and fig. S5), clearly noticeable because
of the fast motions of short actin relative to longer
microtubules above. Actin swings in one direc-
tion (39 swings, shown as anticlockwise and
positive-going angular transitions in all figures)
were accompanied by little translocation (–9 ± 23
nm, Fig. 3A), ended within ~50 ms (fig. S2), and
were always unidirectional (Fig. 3B). Opposite,
clockwise swings (38 swings) were accompanied
by a large translocation averaging 73 ± 28 nm
(Fig. 3A) except for three irregularities possibly
due to backstepping (green arrow in Fig. 2C).
Most of the clockwise swings involved fluctua-
tions in either direction (Fig. 3C), continuing for

Fig. 1. Observation of neck motion in myosin V. (A) Postulated walking
scheme for myosin V. Myosin V has two long necks (blue and green) reinforced
with six calmodulin light chains (small ellipsoids) and catalytic heads (large
ellipsoids) that hydrolyze ATP. Walking (toward left) on an actin filament (ma-
genta) begins with binding of ATP to the trailing head to dissociate it from actin.
The leading neck (blue) then leans forward (lever action: red arrow), powered by
ATP hydrolysis (presumably phosphate release) in the leading head. The lifted
neck (green) fluctuates around the neck-neck junction until the head binds to a
site ~35 nm ahead of the blue head. (B) Observation of neck motion through a
microtubule (light green cylinder) attached to a neck by linking calmodulins to a
mutated kinesin (small gray circles) that irreversibly binds to a microtubule.
Necks of myosin and thicknesses of the actin filament and microtubule are
approximately to scale. The actin filament was bound to beads coated with a-
actinin (dark gray) and held by dual-beam optical tweezers. The images of
actin (and beads) stained with Alexa 488 and of a microtubule stained with

tetramethylrhodamine were captured simultaneously. (C) Sequential images
at 33-ms intervals of a microtubule, carrying fewer than four myosin V
molecules per mm, apparently walking toward the left at 0.2 mM ATP.
Magenta, yellow, and blue frames show two relatively stable angles; white
solid frames, a unidirectional swing; white dotted frames, fluctuations; dark
gray image, omission of 166 frames. Part of movie S1. (D) Upper panel:
Swing angle anticlockwise from 0 o’clock; stationary angles are colored as in
(C), and bars show the average. Swings are shown in gray. Omissions indicate
orientations nearly vertical to the image plane. Lower panel: Movement of
the centroid of the microtubule image calculated within a horizontal band of
height 600 nm along the actin filament. Bars indicate averages over solid
dots where the microtubule remained within 15° from the average stationary
angle (open dots, orientations beyond 15°). Only comparisons among blue
bars, or among red bars, are meaningful, because the centroids depended on
the microtubule orientation to some extent.
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microtubule. Toprak et al.56 have determined an equilibrium
constant between I and II of B1.4 (k1/k!1).

ATP binding (Fig. 3, II - III). There is evidence to suggest
that ATP binding in the leading foot is only possible in the
absence of strain (only in conformer II in Fig. 3). This strain
gate coordinates the actions of the two feet, which is key to
kinesin-I’s high processivity and directionality.

Neck-linker docking (Fig. 3, II - III). The binding of ATP
releases significant energy, which drives a conformational
change that results in docking of the neck linker to the
motor domain. This leads to a small (B1–2 nm) movement
of the rear foot towards the plus-end of the microtubule
(power-stroke).

Diffusional search (Fig. 3, II - III). The unbound foot can
now undertake a diffusional search for the next forward
binding site, in order to complete the B16 nm step. At this
stage, there is a finite probability of the foot attaching to the
rear binding site again, but the neck-linker docking45 renders
the forward stepping energetically more favourable. Such a
mechanism, which makes use of a combination of an asym-
metric energy potential (here: through neck-linker docking)
and random thermal motion (here: foot diffusion) is a Brownian
ratchet mechanism.15 The feet have now swapped the relative
position and the centroid of kinesin-I has moved by 8.3 nm.
The transition from state II to state III (Fig. 3) proceeds much
faster than all the other steps, which is an important factor for
the high processivity of kinesin-I.

ADP release (Fig. 3, III - IV). After the purple foot has
reached the forward binding site (state III in Fig. 3), ADP is
released, which leads to tight binding to the microtubule and
the generation of ring strain (communicated through the neck
linker or the microtubule). The strain suppresses premature
binding of ATP to the leading foot before the rear foot can
hydrolyse its bound ATP.

Pi release (Fig. 3, IV - I). The release of inorganic
phosphate completes the catalytic cycle.

Kinesin-I’s high processivity is a result of the strain-related
gating mechanism that keeps the biochemical cycles of its two
feet strictly out of phase. The directional bias stems mainly
from a Brownian ratchet mechanism that is powered by the

ATP-induced docking of the neck-linker to the leading head.
Since both feet are identical, it is the interaction between the
feet and the track that is crucial for both the achievement of
processivity (the important strain-gate is only possible since
both feet do not fit perfectly on two neighbouring a/b-tubulin
dimers) and directionality (neck-linker docking creates a bias
for a step towards the plus end of the polymer).
The complex motor proteins presented above have emerged

over the course of hundreds of millions of years through a
process of random molecular mutations and natural selection.
This continuous optimisation process has enabled motors
such as kinesin and myosin to operate with efficiencies
beyond 50%.65,66 In the last decade, a large number of hybrid
biological-artificial devices have been created with the aim
of exploiting biological walkers in a technological context
(e.g. for the transport and release of artificial cargo). The
progress made with such hybrid systems was recently reviewed
elsewhere.67,68

3. Design principles for synthetic molecular
walkers

Experimental scientists intending to create entirely synthetic
molecular walkers must design their systems with consideration
to the motor characteristics of processivity and directionality
(see Introduction for definitions).

3.1. Processivity—interaction between feet, fuel and track

Nature has evolved both processive and non-processive
translational motor proteins. The latter can, however, only
perform useful tasks when operating in large ensembles.
For a molecular walker to be processive, complete detach-

ment of the walker moiety is prevented by having at least one
foot connected to the molecular track at all times. This can be
realised by having two chemically different feet and two
mutually-exclusive conditions, or fuels, for detachment of each
foot (Fig. 4a). Alternatively, the two feet could be chemically
equivalent (as in kinesin-I), provided the interaction of the feet
with an unsymmetric track renders the two feet chemically
inequivalent (e.g. if the back foot reacts with a fuel at a
different rate to the front foot for steric reasons, Fig. 4b).
Another requirement for processivity is that a walker should
not form a ‘bridge’ between two tracks (and then eventually
swap tracks). In biological systems this is guaranteed by the
polymeric nature of microtubule or actin filaments. In artificial
non-polymeric systems this can be realised by operating under
very dilute conditions or perhaps by tethering the track or the
walker to a surface.
For molecular walkers with only one foot (e.g.KIF1A,33 see

Section 2.1), secondary interactions between the foot and the
track can confer processivity (Fig. 4c). Finally, although
biology only employs molecular walkers with two or one legs,
processivity could also be realised in molecules with more than
two points of contact with the track. A ‘spider-walker’ with
several simultaneously dynamic feet could migrate with rela-
tively high processivity along a track with the probability for
complete detachment dependent on the number of legs and the
kinetics of the individual binding events.

Fig. 3 Themechanochemical cycle of kinesin-I. Adapted by permission

from the National Academy of Sciences of the United States of America:

Proc. Natl. Acad. USA (ref. 56), copyright (2010).
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III.DNA Walker

Royal Society of Chemistry

Resizing Synthetic DNA walkers are about the same size as biological protein walkers. Small-molecule
walkers are about 1,000 times smaller.

Dozens of DNA walkers now exist. Some have more than two legs; others use alternatives to fuel strands to
stimulate a step forward. For example, some researchers use protein enzymes that can cleave DNA to cut
connections between trailing legs and the track so that the foot can swing forward. Other researchers have devised
hybrid DNA and RNA walkers that can themselves chemically cleave connections between their own trailing legs and
the track.

More recently, scientists have started to fashion walkers out of small molecules. In late 2009, the first such walker
—based on a small, 21-atom molecule—was reported by Max von Delius, Edzard M. Geertsema, and Leigh (Nat.
Chem., DOI: 10.1038/nchem.481). The two-legged walker has one sulfur and one hydrazide foot and walks on a track
composed of alternating benzaldehyde and benzylic disulfide footholds. Under acidic conditions, the sulfur foot is
tethered to the track by means of a disulfide bond, and the hydrazide foot can step forward powered by Brownian
motion. When the researchers push the solution to basic conditions, the hydrazide foot forms a covalent bond with
the benzaldehyde foothold. By using a redox reaction to sever the disulfide bond, the walker can step preferentially
in one direction instead of hopping back and forth in place.

Leigh’s team has since added to the walker a stilbene moiety whose stereochemistry can be toggled by light. This
switch in stereochemistry, coupled with changes in pH, determines the walker’s preferred strolling direction.

Next up, researchers developing synthetic walkers are trying to make them walk “further, faster, with more
sophistication,” says Andrew J. Turberfield, a physicist at Oxford University. Indeed, synthetic walkers’ stamina still
pales in comparison to their biological forerunners. For example, the biological walker kinesin typically takes about
100 steps. The record for DNA walkers is just 16 steps, and that for small-molecule walkers is a mere four steps.

Researchers are also starting to build walkers with some work ethic. Last May, Seeman and his colleagues reported a
DNA walker that was able to move cargoes of gold nanoparticles, a first step toward the goal of “coordinating
autonomous walkers with the operation of other nanomechanical devices” to make miniature assembly lines,
Seeman says (Nature, DOI: 10.1038/nature09026).

Also last year, Harvard University’s David R. Liu reported a DNA-based walker that could perform basic organic
synthesis as it stepped forward (Nat. Nanotechnol., DOI: 10.1038/nnano.2010.190). The series of three amine
acylations performed by the walker is “an early, and still modest, step toward integrating DNA-based devices with
real-world chemistry applications such as synthesis, screening, and sensing,” Liu says. “No one who is simply
concerned with making a particular tripeptide now would do so using our walker. But we hope that this study, and
others like it, will steadily increase the functionality of these devices so that eventually they will be able to bring
truly useful capabilities to the table.”

Chemical & Engineering News

Synthetic Strollers | Science & Technology | Chemical & Engineering News http://pubs.acs.org.ezproxy.webfeat.lib.ed.ac.uk/isubscribe/journals/cen...
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strands act as ‘molecular Velcro’, holding the walker and the
track together through the effect of 20 cooperative base pair
interactions.

After the self-assembly step, the biped, anchor strands 1A
and 2B and the track form a metastable aggregate. The
instability is caused by the anchor strands having an overhang
(‘toehold’ in Scheme 1b) of eight bases that remain unpaired.
The overlapping toehold regions allow the removal of an
anchor strand through competitive hybridisation (branch
migration), which is rather like the closing of one zipper at
the cost of opening another. Fuel strand 2B, for example, can
bind to the toehold region of the anchor strand and completely
displace it from the foot, leaving a free foot behind. This
process is powered by the free energy gained through the
formation of eight new base pairs in the stable duplex waste
(the average free energy gain per base pair is B1 kcal mol!1)91

that can be removed from the mixture through the interaction
of the biotin-tag with magnetic streptavidin-coated beads.

Once foot B is detached from the track (Scheme 1c) it is free
to diffuse within the restrictions imposed by the three single-
stranded spacer strands (length ca. 2 nm). Addition of anchor
strand 3B leads to reattachment of the leading foot to foothold
3 (Scheme 1d). Repetition of similar detachment and anchoring
procedures leads to a walker–track conjugate in which both
feet have moved one foothold in the forward direction
(Scheme 1f). Seeman and coworkers also demonstrated that
their device can be induced to walk backwards.

The composition of the mixtures was analysed by means of
polyacrylamide gel electrophoresis (PAGE). Non-denaturing
gels confirmed that the monomeric walker–track conjugates
were stable and represented the major component of the
mixture throughout the experiments. Psoralene cross-linking
led to the formation of characteristic fragments at each stage
of the experiment, as observed by denaturing PAGE.
From a mechanistic perspective the walker migration

depicted in Scheme 1 is different from kinesin-I or myosin-V
since it corresponds to an inchworm gait (foot A is always
leading), not a hand-over-hand (or ‘passing-leg’) gait.15 The
walker is, however, processive because complete walker
detachment does not occur to any significant extent at 16 1C
and scrambling of the walker moiety between different tracks
is unlikely at the low concentrations employed (0.26 to
0.5 mM). The driving force for directional migration is
supplied by the free energy gain resulting from the pairing of
eight bases in the toehold region of an anchor strand with the
complementary bases in a fuel strand.
Shin and Pierce reported on a conceptually very similar

DNA-walker that, like kinesin-I, walks in a hand-over-hand
gait.92 The design of the walker–track system is minimalistic,
with the backbone of the track consisting of only one linear
double helix and the walker comprising two partially comple-
mentary oligonucleotides (see Scheme 2a). The walker–track
conjugate was assembled by the sequential addition of anchor
strand 1A and anchor strand 2B to the walker and the track
(Scheme 2b). Foot A could be detached from the track

Scheme 1 Non-autonomous inchworm walker described by Sherman

and Seeman.89 (a) Self-assembly of the system from three components:

rigid triple-crossover track featuring three protruding single-stranded

footholds; walker including two single-stranded feet (featuring

psoralene tags), separated by three single-stranded spacers; two anchor

strands which act as ‘molecular Velcro’ to attach the feet to the

footholds. (b) Initial position of the walker on the track established

by self-assembly. (c) Foot B released from track after detachment

procedure (competitive hybridisation). (d) Foot B attached to foot-

hold 3 after addition of anchor strand 3B. (e) Foot A released from

foothold 1. (f) Foot A anchored to foothold 2. Matching colours

indicate complementary sequences between strands; the lines indicating

base pairing do not represent a particular number of bases.

Scheme 2 Hand-over-hand DNA-walker described by Shin and

Pierce.92 (a) Self-assembly of the system from three components:

rigid, double-stranded track featuring four protruding single-stranded

footholds functionalised with fluorescence dyes; walker including two

single-stranded feet (functionalised with quenchers), held together by

duplex domain; two anchor strands which act as ‘molecular Velcro’ to

attach the feet to the footholds. (b) Initial position of the walker on

the track established by stepwise self-assembly. (c) Foot A released

from track after detachment procedure (competitive hybridisation).

(d) Foot A attached to foothold 3 after addition of anchor strand 3A.

(e) Foot B released from foothold 2. (f) Foot B anchored to foothold 4.

Matching colours indicate complementary sequences between strands;

lines indicating base pairing do not represent a particular number of

bases.
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strands act as ‘molecular Velcro’, holding the walker and the
track together through the effect of 20 cooperative base pair
interactions.

After the self-assembly step, the biped, anchor strands 1A
and 2B and the track form a metastable aggregate. The
instability is caused by the anchor strands having an overhang
(‘toehold’ in Scheme 1b) of eight bases that remain unpaired.
The overlapping toehold regions allow the removal of an
anchor strand through competitive hybridisation (branch
migration), which is rather like the closing of one zipper at
the cost of opening another. Fuel strand 2B, for example, can
bind to the toehold region of the anchor strand and completely
displace it from the foot, leaving a free foot behind. This
process is powered by the free energy gained through the
formation of eight new base pairs in the stable duplex waste
(the average free energy gain per base pair is B1 kcal mol!1)91

that can be removed from the mixture through the interaction
of the biotin-tag with magnetic streptavidin-coated beads.

Once foot B is detached from the track (Scheme 1c) it is free
to diffuse within the restrictions imposed by the three single-
stranded spacer strands (length ca. 2 nm). Addition of anchor
strand 3B leads to reattachment of the leading foot to foothold
3 (Scheme 1d). Repetition of similar detachment and anchoring
procedures leads to a walker–track conjugate in which both
feet have moved one foothold in the forward direction
(Scheme 1f). Seeman and coworkers also demonstrated that
their device can be induced to walk backwards.

The composition of the mixtures was analysed by means of
polyacrylamide gel electrophoresis (PAGE). Non-denaturing
gels confirmed that the monomeric walker–track conjugates
were stable and represented the major component of the
mixture throughout the experiments. Psoralene cross-linking
led to the formation of characteristic fragments at each stage
of the experiment, as observed by denaturing PAGE.
From a mechanistic perspective the walker migration

depicted in Scheme 1 is different from kinesin-I or myosin-V
since it corresponds to an inchworm gait (foot A is always
leading), not a hand-over-hand (or ‘passing-leg’) gait.15 The
walker is, however, processive because complete walker
detachment does not occur to any significant extent at 16 1C
and scrambling of the walker moiety between different tracks
is unlikely at the low concentrations employed (0.26 to
0.5 mM). The driving force for directional migration is
supplied by the free energy gain resulting from the pairing of
eight bases in the toehold region of an anchor strand with the
complementary bases in a fuel strand.
Shin and Pierce reported on a conceptually very similar

DNA-walker that, like kinesin-I, walks in a hand-over-hand
gait.92 The design of the walker–track system is minimalistic,
with the backbone of the track consisting of only one linear
double helix and the walker comprising two partially comple-
mentary oligonucleotides (see Scheme 2a). The walker–track
conjugate was assembled by the sequential addition of anchor
strand 1A and anchor strand 2B to the walker and the track
(Scheme 2b). Foot A could be detached from the track

Scheme 1 Non-autonomous inchworm walker described by Sherman

and Seeman.89 (a) Self-assembly of the system from three components:

rigid triple-crossover track featuring three protruding single-stranded

footholds; walker including two single-stranded feet (featuring

psoralene tags), separated by three single-stranded spacers; two anchor

strands which act as ‘molecular Velcro’ to attach the feet to the

footholds. (b) Initial position of the walker on the track established

by self-assembly. (c) Foot B released from track after detachment

procedure (competitive hybridisation). (d) Foot B attached to foot-

hold 3 after addition of anchor strand 3B. (e) Foot A released from

foothold 1. (f) Foot A anchored to foothold 2. Matching colours

indicate complementary sequences between strands; the lines indicating

base pairing do not represent a particular number of bases.

Scheme 2 Hand-over-hand DNA-walker described by Shin and

Pierce.92 (a) Self-assembly of the system from three components:

rigid, double-stranded track featuring four protruding single-stranded

footholds functionalised with fluorescence dyes; walker including two

single-stranded feet (functionalised with quenchers), held together by

duplex domain; two anchor strands which act as ‘molecular Velcro’ to

attach the feet to the footholds. (b) Initial position of the walker on

the track established by stepwise self-assembly. (c) Foot A released

from track after detachment procedure (competitive hybridisation).

(d) Foot A attached to foothold 3 after addition of anchor strand 3A.

(e) Foot B released from foothold 2. (f) Foot B anchored to foothold 4.

Matching colours indicate complementary sequences between strands;

lines indicating base pairing do not represent a particular number of

bases.
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through competitive hybridisation upon addition of a fuel
strand (Scheme 2c). Using four different anchor and fuel
strands, Shin and Pierce were able to control their device
and induce it to walk in either direction down the track
(Scheme 2f).

The progress of the walking experiments was analysed by
non-denaturing PAGE and fluorescence spectroscopy. The
terminus of each foothold was functionalised with a fluorescent
dye of a characteristic emission wavelength while each foot of
the walker unit was functionalised with an appropriate
quencher (Scheme 2b). Visualizing the gels with different
fluorescent scans allowed the position of the walker on the
track to be deduced. For example, when foot A is attached to
foothold 1 the fluorescence of the dye on foothold 1 is almost
entirely quenched while the fluorescence of the dye on
foothold 2 remains unaltered. Using multiplexed real-time
fluorescent monitoring the walking process could be followed
in situ.

More recently, Seeman and coworkers93,94 demonstrated
that sequentially fuelled DNA-based molecular walkers can
perform sophisticated tasks at the nanometre scale. For a
track they employed a large (ca. 300 nm wide) two-dimensional
DNA origami95 tile assembled from a total of 202 DNA
oligonucleotides. The origami tile featured 18 protruding
single-stranded footholds and three large slots (Fig. 8a). The
footholds were positioned in a precise pattern on the DNA
origami tile that allowed a four-legged triangular DNA walker
to perform an essentially one-dimensional migration of its
centroid, while the walker’s extremities rotate by 1201 during
each step. The structure of the walker moiety, a tensegrity
triangle organisation constructed from seven oligonucleotides,
is shown in Fig. 8b. The walker has four ‘feet’ and three
‘hands’, all consisting of single-stranded DNA segments. As
in the previously discussed systems, the walker is attached to
the track through complementary anchor strands featuring
toehold regions. Fig. 8c illustrates the transition of the walker
from a three-foot-bound state to a two-foot-bound state, while
the whole triangular shape rotates by an angle of 1201.

At three positions on its linear trajectory, the walker comes
into proximity of one of three cassettes which carry different
DNA-bound gold nanoparticles. The DNA machines on these
cassettes are positional ON–OFF switches which can be
induced through the addition of fuel strands to either offer,
or not offer, the gold cargo to a bypassing walker. The
mechanism of the cargo handover, a competitive hybridisation
event, is illustrated in Fig. 8d. The role of the fourth foot (F4)
is to keep the walker in a conformation where one hand of the
walker is in proximity to the cargo (F4 is not needed for
translation/rotation of the walker). Depending on the state of
the DNA cargo delivery machines (ON or OFF), the walker
can assemble eight (23) different cargo combinations during
the course of its journey.

Seeman and coworkers studied the complex behaviour of
their system by PAGE, atomic force microscopy (AFM) and
scanning electron microscopy (SEM). AFM could not resolve
several gold nanoparticles attached to one walker but could
be performed during the course of the experiments, whereas
SEM delivered higher resolution but required isolation of the
cargo-bound walkers after the experiments were completed.

Through a statistical analysis of the SEM data, the researchers
were able to show that in each of the eight experiments the
expected walker–cargo products were formed in yields of 75%
to >90%.
Two other non-autonomous systems based solely or

partially on DNA are worthy of note. Bromley et al. have
described the concept of a peptide-based three-legged
‘‘tumbleweed’’ walker that, upon sequential addition of three
different chemical fuels, could progress directionally along a
synthetic DNA track.96 Although the operation of the system
was successfully simulated in silico,97 no corresponding experi-
mental study has been published to date. Ren and coworkers
have described a single-stranded DNA device that responds to
changes in pH by migrating processively between two different
single-stranded footholds on a rigid DNA track (Scheme 3).98

Fig. 8 Nanoscale assembly line published by Seeman and coworkers.93

(a) Schematic illustration of the entire assembly, consisting of a large

DNA origami tile (track), three cassettes each including a DNA

ON–OFF switch which carry three different DNA-bound gold nano-

particles; triangular walker moiety. (b) Structure of the walker moiety

featuring seven single-stranded domains: four feet (F1 to F4) and three

hands (H1 to H3). (c) One ‘stride’ of the walker moiety, requiring the

sequential addition of two fuel strands and one anchor strand (walker

rotated by 1201). (d) Handover of DNA-bound cargo (C1) from the

DNA machine to the walker. Adapted by permission from Macmillan

Publishers Ltd: Nature (ref. 93), copyright (2010).

Scheme 3 Positional DNA switch reported by Ren and coworkers.98

Reversible, pH-induced translocation of an oligonucloetide strand

along a track constructed from DNA. The system is not a motor,

since it is not operating progressively or directionally (on a longer

track, no net transport of the DNA device would occur).
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Although the authors call their device a DNA walker, the
system is more accurately classed as a molecular switch since it
lacks a mechanism (and a fuel input) which would allow it to
operate directionally and progressively.

4.2 Autonomous DNA walkers

In 2004 and 2005 three reports of autonomous DNA walkers
appeared in the literature (Schemes 4 and 5).99–101 In all three
cases the directional bias relied on the enzymatic cleavage of
DNA or RNA strands and the walker locomotion resembles
more ‘‘a bucket being passed along a fire brigade’’102 rather
than a hand-over-hand or inchworm gait.

The operation of the first autonomous DNA walker,
reported by the groups of Turberfield, Reif and Yan,99 is
illustrated in Scheme 4. The track consists of a DNA duplex to
which three mainly double-stranded footholds are connected
through a short single-stranded hinge (see Scheme 4). The
walker (shown in red) consists of only six DNA nucleotides
and is initially ligated to foothold 1 (Scheme 4, state 1-W). In
addition to the walker–track adduct, three enzymes were
added to the buffer solution: a ligase (T4 ligase) and two
restriction enzymes (PfIM I and BstAP I). Owing to the
flexibility of the hinges, footholds 1 and 2 can hybridise their
toehold regions (Scheme 4, 1-W 2) which allows T4 ligase to
form a covalent bond between the walker and foothold 2
(Scheme 4, 1-W-2). The ligation step creates a recognition site
for one of the restriction enzymes (PfIM I), which selectively
cuts the walker from foothold 1 (Scheme 4, 1 W-2). The energy
required for this step, which represents the crucial process
for the emergence of net-directionality, is supplied by ATP
hydrolysis of the restriction enzyme. Repetition of the ligation
and cleavage processes (with only restriction enzyme BstAP I
recognising a cleavage site) leads to the partial formation of
walker state W-3 (Scheme 4). The walker migration occurs
with overall net-directionality as there is no mechanism for the
walker to step backwards.

Turberfield and colleagues provided evidence for the
processive and directional behaviour of their system using
denaturing PAGE and a radioactively (g-P32) labelled
walker unit.
In 2005, Turberfield and coworkers reported the design and

operation of an autonomous ‘burnt-bridges’ walker that
achieves directionality by consuming the track as it moves
forward.100 The system consists of a track with three almost
identical footholds, a single-stranded DNA walker (shown in
red in Scheme 5a) and a single enzyme that cuts off the
terminal part of a foothold only when the walker is attached
to it. The employed enzyme, restriction nuclease N.BbvC IB,
accomplishes this task by first recognising a particular
sequence in a walker–foothold duplex and then catalysing
the hydrolysis of the foothold strand.
When the walker is located on the left hand side of the track

(Scheme 5a), the action of the restriction enzyme leads to the
cleavage of a short (eight base) duplex at the terminus of the
foothold which is released into the solution due to its melting
temperature being considerably lower than the operating
temperature of the motor. As the walker unit now possesses
a toehold region that can reach the second foothold, competitive
hybridisation results in the attachment of the walker to
foothold 2. A backward step is extremely unlikely because
attachment to the longer footholds is associated with a
B10 kcal mol!1 gain in free energy. The process is then
repeated so that the walker is eventually located on foothold
3 which, due to a sequence mismatch, is not cleaved by the
enzyme (Scheme 5a, right hand side). The partial hydrolysis of
the first two footholds of the track provides the energy source
for directional walker transport. Turberfield and coworkers
functionalised footholds 2 and 3 with different fluorescence
dyes and the walker with a quencher, which allowed the
verification of the behaviour of their system as well as the
extraction of kinetic data (stepping rate B0.01 s!1).
Mao and coworkers published a conceptually very similar

burnt-bridges walker (Scheme 5b),101 however in their case no

Scheme 4 Autonomous walker transport mediated by three enzymes reported by the groups of Turberfield, Reif and Yan.99 The walker consists

of six DNA bases (displayed in red). In the descriptions of the states, covalent attachment of the walker (W) to a foothold is indicated by a hyphen;

lines indicating base pairing do not represent a particular number of bases.
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Scheme 6e). This is due to steric reasons (the toehold region
that was exposed in the left foot in step ‘ii’ is sterically shielded
in the case of the right foot) and results in the process 2,3 - 2
being 100 times slower than the process 1,2 - 2. Turberfield
and coworkers studied the dynamic behaviour of the full three-
site system with PAGE and the kinetic behaviour of a smaller
two-site model system with fluorescence spectroscopy.

A particularly impressive, albeit less minimalistic, example
of an autonomous DNA biped with coordinated feet was
published by the Seeman group in 2009.110,111 Their system
(Scheme 7a) consists of a rigid track and a biped with two
different single-stranded feet (A and B). The track is aB49 nm
double-crossover (DX) DNA structure decorated in a

directionally polar manner with different metastable DNA
stem–loop motifs (T1–T4; each consisting of one ‘signalling’
and one ‘foothold’ strand). The walker comprises two different
single-stranded feet that, unlike the previously discussed
bipeds, are not joined by a duplex region but by a covalent
50,50 linkage.
Overall, processivity is guaranteed by signalling strands that

mediate the interaction between feet and fuel strands in a way
that only one foot can detach from the track. Directionality is
achieved through the hybridisation of metastable hair pin fuel
strands to the track (a ‘burnt-bridges’ mechanism).
In the starting position (Scheme 7a), where the walker is

located on the left end of the track, foot B is hybridised to the

Scheme 6 Turberfield’s autonomous bipedal DNA walker, powered by two DNA hairpin fuels (H1 and H2).108 (a) Equilibrium between two

starting states results from competition of the two walker feet for the binding site indicated with an arrow. (b) The left foot can partially lift

from the track and expose a toehold, which is complementary to the toehold in fuel H1. (c) Branch migration leads to detachment of the left foot.

(d) Fuel H2 can displace H1 from the left foot; intermediate 2 (shown for reasons of clarity) or an intermediate of the previous branch migration

process can either rebind at site 1 or site 3, which occurs with statistical product distribution (50 : 50). (e) Starting from the 2,3 state, steric reasons

preclude the mechanism shown in steps i–iv; process 2,3 - 2 is therefore 100 times slower than 1,2 - 2; complementary nucleotide sequences are

indicated by the use of light and dark colour tones (e.g. a dark red region is complementary to a light red region); lines indicating base pairing do

not represent a particular number of bases.

Scheme 7 An autonomous DNA biped in which coordination between the feet is achieved through signal strands on the track.110 (a) Resting state 1;

walker in starting position (foot B leading); signal strand T2 hybridises with hairpin fuel F1. (b) Activated fuel strand F1 hybridises with toehold

on T1 foothold strand and displaces foot A from foothold T1. (c) Foot A is free. (d) Foot A diffuses to stem–loop T3, hybridises with its toehold

and frees signal strand T3. (e) Resting state 2 (foot A leading); signal strand T3 hybridises with hairpin fuel F2. (f) Final resting state where foot B

is bound to foothold T4 and foot A is free. Matching colours indicate complementary sequences between strands; lines indicating base pairing do

not represent a particular number of bases.

D
ow

nl
oa

de
d 

by
 T

ok
yo

 D
ai

ga
ku

 o
n 

29
 M

ar
ch

 2
01

1
Pu

bl
ish

ed
 o

n 
17

 M
ar

ch
 2

01
1 

on
 h

ttp
://

pu
bs

.rs
c.

or
g 

| d
oi

:1
0.

10
39

/C
1C

S1
50

05
G

View Online

A. J. Turberfield Phys. Rev. Lett. 2008, 101, 238101 

2011年6月4日土曜日



IV.Small-molecule 
Walker

Royal Society of Chemistry

Resizing Synthetic DNA walkers are about the same size as biological protein walkers. Small-molecule
walkers are about 1,000 times smaller.

Dozens of DNA walkers now exist. Some have more than two legs; others use alternatives to fuel strands to
stimulate a step forward. For example, some researchers use protein enzymes that can cleave DNA to cut
connections between trailing legs and the track so that the foot can swing forward. Other researchers have devised
hybrid DNA and RNA walkers that can themselves chemically cleave connections between their own trailing legs and
the track.

More recently, scientists have started to fashion walkers out of small molecules. In late 2009, the first such walker
—based on a small, 21-atom molecule—was reported by Max von Delius, Edzard M. Geertsema, and Leigh (Nat.
Chem., DOI: 10.1038/nchem.481). The two-legged walker has one sulfur and one hydrazide foot and walks on a track
composed of alternating benzaldehyde and benzylic disulfide footholds. Under acidic conditions, the sulfur foot is
tethered to the track by means of a disulfide bond, and the hydrazide foot can step forward powered by Brownian
motion. When the researchers push the solution to basic conditions, the hydrazide foot forms a covalent bond with
the benzaldehyde foothold. By using a redox reaction to sever the disulfide bond, the walker can step preferentially
in one direction instead of hopping back and forth in place.

Leigh’s team has since added to the walker a stilbene moiety whose stereochemistry can be toggled by light. This
switch in stereochemistry, coupled with changes in pH, determines the walker’s preferred strolling direction.

Next up, researchers developing synthetic walkers are trying to make them walk “further, faster, with more
sophistication,” says Andrew J. Turberfield, a physicist at Oxford University. Indeed, synthetic walkers’ stamina still
pales in comparison to their biological forerunners. For example, the biological walker kinesin typically takes about
100 steps. The record for DNA walkers is just 16 steps, and that for small-molecule walkers is a mere four steps.

Researchers are also starting to build walkers with some work ethic. Last May, Seeman and his colleagues reported a
DNA walker that was able to move cargoes of gold nanoparticles, a first step toward the goal of “coordinating
autonomous walkers with the operation of other nanomechanical devices” to make miniature assembly lines,
Seeman says (Nature, DOI: 10.1038/nature09026).

Also last year, Harvard University’s David R. Liu reported a DNA-based walker that could perform basic organic
synthesis as it stepped forward (Nat. Nanotechnol., DOI: 10.1038/nnano.2010.190). The series of three amine
acylations performed by the walker is “an early, and still modest, step toward integrating DNA-based devices with
real-world chemistry applications such as synthesis, screening, and sensing,” Liu says. “No one who is simply
concerned with making a particular tripeptide now would do so using our walker. But we hope that this study, and
others like it, will steadily increase the functionality of these devices so that eventually they will be able to bring
truly useful capabilities to the table.”

Chemical & Engineering News

Synthetic Strollers | Science & Technology | Chemical & Engineering News http://pubs.acs.org.ezproxy.webfeat.lib.ed.ac.uk/isubscribe/journals/cen...

3 of 4 21/03/2011 01:01
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Walking Small Molecule
• Migration of small molecule fragments

Chem. Soc. Rev. This journal is c The Royal Society of Chemistry 2011

migration of atoms does occur. However, such migrations are
generally neither repetitive (the 1,4-Cope rearrangement of an
allyl ether can occur twice in a row if rearomatisation on the
2-position is impossible; Fig. 10b)117 nor progressive. An
interesting example of multiple repetitive group migrations,
recently studied by the Bode group,118 is the interconversion of

a large number of constitutional isomers of derivatised
bullvalones119,120 with base (Fig. 10c).
In haptotropic rearrangements, metal complexes migrate

along extended p-systems (see Fig. 10d and f for two
examples),121,122 but these are not generally directional in a
sense that can be repetitively propagated.
In other reactions, for example the exchange of acetals

between the hydroxyl groups of carbohydrates123 (Fig. 10e),
the migration of the carbonyl fragments is intrinsically
non-directional and non-processive (intramolecular exchange
competes with exchange with the bulk).
There are, however, some reports of small molecular units

that move processively (i.e. without detaching) along molecular
frameworks. Lawton and coworkers have described a series of
reagents for the cross-linking of biomolecules under thermo-
dynamic control.124–127 These molecules are transferred between
accessible nucleophilic (amine and thiol) sites on proteins such
as ribonuclease.124 The transport proceeds intramolecularly
(i.e. processively) due to the clever construction of the cross-
linking moiety: only one or two—never zero—of the nucleophilic
footholds are attached to the cross-linking molecule at any one
time as it is passed from one nucleophilic site to another
intramolecularly towards the thermodynamic minimum
(Fig. 10g). Loss of processivity in these systems may still
occur, however, through intermolecular bridges, the presence
of which has been reported.124

During polymer synthesis, catalytic metal species have
been shown to migrate intramolecularly for considerable
distances along polymer chains growing by Kumada catalyst-
transfer polycondensation128 (Fig. 10h) and during ethylene
polymerization.129,130

Schalley and coworkers have described systems in which
crown ethers apparently migrate processively along linear131

or dendritic132 oligoamine scaffolds under the extreme dilution
present in a FTICR mass spectrometer (Fig. 10i).
The one-dimensional diffusion of 9,10-dithioanthracene

(DTA) molecules (Fig. 10j) on a copper surface has been
reported by Bartels and coworkers.133 Although the restriction
of the movement to only one dimension (exclusively in the
[!110] direction) is a remarkable feature, and the mechanism
through which this is achieved resembles the gait of a biped,
the system lacks directionality. For the DTA motion to be
directional, coupling of the forward motion to the consumption
of an energy input would be necessary.134,135

5.2 Synthetic small-molecule walkers

The first small-molecule walkers able to operate in a processive,
directional, repetitive and progressive manner (see Introduction
for definitions) were recently described.136–139

The synthesis and operation of a 21-atom two-legged
molecular unit (shown in red in Fig. 11) that is able to walk
along a four-foothold molecular track was reported in early
2010.136,137 A walker unit with two chemically different feet
was connected to a track in such a way that each foot could act
as a temporarily fixed pivot while the other engaged in a
dynamic covalent140 exchange reaction. Under acidic conditions
the disulfide bond between one foot of the walker and the
track remains kinetically locked while the hydrazone unit that

Fig. 10 Selected examples of the migration of small molecular

fragments. (a) In the Payne rearrangement no atoms, only bonds

migrate.116 (b) The Claisen rearrangement occurs processively and in

some instances repetitively.117 (c) Base-induced interconversion of

bullvalone isomers via successive Cope rearrangements.118 Shown

are only three of >103 bullvalone constitutional isomers. (d) Metal

atoms can migrate processively along some molecular scaffolds.121 (e)

Reversible, non-processive migration of acetone along a threitol

substrate (acetal exchange with the bulk competes).123 (f) Haptotropic

migration of a chromium complex.122 (g) Reversible processive migration

of a three-carbon fragment along nucleophilic sites of a protein via

Michael/retro-Michael reactions.124 (h) A Kumada catalyst that

randomly migrates along a p-system while the oligothiophene chain

is extended in both directions.128 (i) Non-directional but (under high

vacuum conditions) processive migration of a crown ether along an

oligolysine chain.131 (j) One-dimensional diffusion of 9,10-dithioan-

thracene on a high-symmetry metal surface [Cu(111)].133
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migration of atoms does occur. However, such migrations are
generally neither repetitive (the 1,4-Cope rearrangement of an
allyl ether can occur twice in a row if rearomatisation on the
2-position is impossible; Fig. 10b)117 nor progressive. An
interesting example of multiple repetitive group migrations,
recently studied by the Bode group,118 is the interconversion of

a large number of constitutional isomers of derivatised
bullvalones119,120 with base (Fig. 10c).
In haptotropic rearrangements, metal complexes migrate

along extended p-systems (see Fig. 10d and f for two
examples),121,122 but these are not generally directional in a
sense that can be repetitively propagated.
In other reactions, for example the exchange of acetals

between the hydroxyl groups of carbohydrates123 (Fig. 10e),
the migration of the carbonyl fragments is intrinsically
non-directional and non-processive (intramolecular exchange
competes with exchange with the bulk).
There are, however, some reports of small molecular units

that move processively (i.e. without detaching) along molecular
frameworks. Lawton and coworkers have described a series of
reagents for the cross-linking of biomolecules under thermo-
dynamic control.124–127 These molecules are transferred between
accessible nucleophilic (amine and thiol) sites on proteins such
as ribonuclease.124 The transport proceeds intramolecularly
(i.e. processively) due to the clever construction of the cross-
linking moiety: only one or two—never zero—of the nucleophilic
footholds are attached to the cross-linking molecule at any one
time as it is passed from one nucleophilic site to another
intramolecularly towards the thermodynamic minimum
(Fig. 10g). Loss of processivity in these systems may still
occur, however, through intermolecular bridges, the presence
of which has been reported.124

During polymer synthesis, catalytic metal species have
been shown to migrate intramolecularly for considerable
distances along polymer chains growing by Kumada catalyst-
transfer polycondensation128 (Fig. 10h) and during ethylene
polymerization.129,130

Schalley and coworkers have described systems in which
crown ethers apparently migrate processively along linear131

or dendritic132 oligoamine scaffolds under the extreme dilution
present in a FTICR mass spectrometer (Fig. 10i).
The one-dimensional diffusion of 9,10-dithioanthracene

(DTA) molecules (Fig. 10j) on a copper surface has been
reported by Bartels and coworkers.133 Although the restriction
of the movement to only one dimension (exclusively in the
[!110] direction) is a remarkable feature, and the mechanism
through which this is achieved resembles the gait of a biped,
the system lacks directionality. For the DTA motion to be
directional, coupling of the forward motion to the consumption
of an energy input would be necessary.134,135

5.2 Synthetic small-molecule walkers

The first small-molecule walkers able to operate in a processive,
directional, repetitive and progressive manner (see Introduction
for definitions) were recently described.136–139

The synthesis and operation of a 21-atom two-legged
molecular unit (shown in red in Fig. 11) that is able to walk
along a four-foothold molecular track was reported in early
2010.136,137 A walker unit with two chemically different feet
was connected to a track in such a way that each foot could act
as a temporarily fixed pivot while the other engaged in a
dynamic covalent140 exchange reaction. Under acidic conditions
the disulfide bond between one foot of the walker and the
track remains kinetically locked while the hydrazone unit that

Fig. 10 Selected examples of the migration of small molecular

fragments. (a) In the Payne rearrangement no atoms, only bonds

migrate.116 (b) The Claisen rearrangement occurs processively and in

some instances repetitively.117 (c) Base-induced interconversion of

bullvalone isomers via successive Cope rearrangements.118 Shown

are only three of >103 bullvalone constitutional isomers. (d) Metal

atoms can migrate processively along some molecular scaffolds.121 (e)

Reversible, non-processive migration of acetone along a threitol

substrate (acetal exchange with the bulk competes).123 (f) Haptotropic

migration of a chromium complex.122 (g) Reversible processive migration

of a three-carbon fragment along nucleophilic sites of a protein via

Michael/retro-Michael reactions.124 (h) A Kumada catalyst that

randomly migrates along a p-system while the oligothiophene chain

is extended in both directions.128 (i) Non-directional but (under high

vacuum conditions) processive migration of a crown ether along an

oligolysine chain.131 (j) One-dimensional diffusion of 9,10-dithioan-

thracene on a high-symmetry metal surface [Cu(111)].133
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Walking Small Molecule
• Synthetic Walker

foothold precursors 5 and 6. The starting position of the walker
at footholds 1 and 2 in the walker-track conjugate was
established by synthesizing macrocycle 7 by acid-catalyzed
condensation (step iv) of aldehyde 5 to the bifunctional walker
compound 6-mercaptohexanoic acid hydrazide, subsequent
thioacetate methanolysis (step v), and oxidative ring closure
(step vi). The sulfur foothold of the track (e.g., foothold 4 in
1,2-C5) was protected as a disulfide (using a “placeholder” thiol;
see Scheme 1a), to prevent atmospheric oxygen oxidizing the
free thiol to a dimeric disulfide. To achieve this, an unsymmetric
disulfide bond (see compound 8 in Scheme 1a) had to be
constructed, which was achieved through oxidation of the track
thiol in the presence of an excess of the placeholder thiol (step
xii). Finally, a ligand-assisted copper(I)-catalyzed alkyne-azide
cycloaddition (CuAAC)27 was used to couple macrocycle 7 to
the building block (8) containing footholds 3 and 4 (Scheme
1a, step xvi). The CuAAC reaction has excellent functional
group compatibility and introduces a rigid triazole linkage into
the molecular track, which reduces the tendency for track
folding.

Positional isomer 3,4-C5 (Scheme 1b), in which the walker
unit is located at the other end of the track, was prepared
unambiguously from 5 and 6 following analogous synthetic
procedures,6 together with a series of walker moieties differing
in the number (2, 3, 4, and 8) of methylene groups between the
functional group “feet”. The various walker units were con-
densed with aldehyde 6 and subsequently converted to

walker-track conjugates 3,4-C2, 3,4-C3, 3,4-C4, and 3,4-C8
28

(see the Supporting Information for synthetic procedures and
characterization data). Finally, an analogue of 3,4-C5 was
prepared that was deuterium-labeled on both the walker unit
and the track (3,4-C5-d4, Scheme 1c) to investigate the proces-
sivity of the walking dynamics (vide infra).

Hydrazone Exchange and Disulfide Exchange under Thermo-
dynamic Control (Walking with No Directional Bias). We initially
investigated the change of position of the various walker units
on the track under conditions for reversible (dynamic) covalent
bond exchange (Scheme 2). Dilute solutions of 1,2-C5 were
subjected to acidic conditions typically used29 for hydrazone
exchange (Scheme 2, conditions I), whereas solutions of 3,4-
C5 were subjected to basic conditions typically used30 for

(27) (a) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Org. Lett.
2004, 17, 2853–2855. (b) Fokin, V. V.; Wu, P. Aldrichimica Acta
2007, 40, 7–17. (c) Lee, B.-Y.; Park, S. R.; Jeon, H. B.; Kim, K. S.
Tetrahedron Lett. 2006, 47, 5105–5109.

(28) We use the abbreviation Cn to indicate the whole series of walker-
track conjugates (n corresponds to the number of methylene units in
the spacer chain of the walker moiety).

(29) For examples of hydrazone exchange in organic solvents, see: (a)
Cousins, G. R. L.; Poulsen, S. A.; Sanders, J. K. M. Chem. Commun.
1999, 1575–1576. (b) Furlan, R. L. E.; Cousins, G. R. L.; Sanders,
J. K. M. Chem. Commun. 2000, 1761–1762. (c) Cousins, G. R. L.;
Furlan, R. L. E.; Ng, Y.-F.; Redman, J. E.; Sanders, J. K. M. Angew.
Chem., Int. Ed. 2001, 40, 423–426. (d) Furlan, R. L. E.; Ng, Y.-F.;
Otto, S.; Sanders, J. K. M. J. Am. Chem. Soc. 2001, 123, 8876–8877.
(e) Furlan, R. L. E.; Ng, Y.-F.; Cousins, G. R. L.; Redman, J. E.;
Sanders, J. K. M. Tetrahedron 2002, 58, 771–778. (f) Choudhary, S.;
Morrow, J. R. Angew. Chem., Int. Ed. 2002, 41, 4096–4098. (g) Lam,
T. S.; Belenguer, A.; Roberts, S. L.; Naumann, C.; Jarrosson, T.; Otto,
S.; Sanders, J. K. M. Science 2005, 308, 667–669.

(30) For examples of disulfide exchange in organic solvents, see: (a) Hioki,
H.; Still, W. C. J. Org. Chem. 1998, 63, 904–905. (b) Kieran, A. L.;
Bond, A. D.; Belenguer, A. M.; Sanders, J. K. M. Chem. Commun.
2003, 2674–2675. (c) ten Cate, A. T.; Dankers, P. Y. W.; Sijbesma,
R. P.; Meijer, E. W. J. Org. Chem. 2005, 70, 5799. (d) Kieran, A. L.;
Pascu, S. I.; Jarrosson, T.; Sanders, J. K. M. Chem. Commun. 2005,
1276–1278. (e) Kieran, A. L.; Pascu, S. I.; Jarrosson, T.; Gunter, M. J.;
Sanders, J. K. M. Chem. Commun. 2005, 1842–1844. (f) Danieli, B.;

Scheme 1. (a) Synthesis of Walker-Track Conjugate 1,2-C5,a (b) General Structure of Walker-Track Conjugates 3,4-Cn, and (c) 3,4-C5-d4,
a Walker-Track System Deuterium-Labeled on Both the Walker and the Track Units

a (i) NaH, dimethylformamide (DMF), room temperature, 16 h, 88%; (ii) methanesulfonyl chloride (MsCl), Et3N, CH2Cl2, 0 °C, 30 min; (iii) KSAc,
DMF, room temperature, 3 h, 77% (over two steps); (iv) 6-mercaptohexanoic acid hydrazide, AcOH (cat.), MeOH, room temperature, 2 h, 78%; (v) NaOMe,
MeOH, room temperature, 2 h; (vi) I2, KI, CH2Cl2, room temperature, 5 min, 32% (over two steps); (vii) NaH, DMF, 0 °C to room temperature, 16 h, 65%;
(viii) MsCl, Et3N, CH2Cl2, room temperature, 16 h; (ix) KSAc, DMF, room temperature, 3 h, 66% (over two steps); (x) HC(OMe)3, p-toluenesulfonic acid
(p-TsOH), MeOH, room temperature, 30 min; (xi) NaOMe, MeOH, room temperature, 30 min; (xii) 3-mercaptopropionic acid, I2, KI, CH2Cl2, room temperature,
5 min; (xiii) trifluoroacetic acid (TFA), CH2Cl2, room temperature, 30 min, 58% (over four steps); (xiv) H2SO4 (cat.), MeOH, room temperature, 16 h; (xv)
TFA, CH2Cl2, room temperature, 30 min, 40% (over two steps); (xvi) Cu(MeCN)4PF6, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), CH2Cl2/
tetrahydrofuran (THF)/MeOH, room temperature, 16 h, 79%.

D J. AM. CHEM. SOC. 9 VOL. xxx, NO. xx, XXXX
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disulfide exchange (Scheme 2, conditions II). In both cases,
mixtures of the starting material together with positional
(constitutional) isomer 2,3-C5 were obtained (Scheme 2).31

Applying either set of conditions to a pristine sample of 2,3-
C5

32 resulted in mixtures of identical composition, confirming
that the dynamic exchange reactions were at chemical equilibrium.

Systematic optimization of the reaction parameters (see the
Supporting Information for details) provided a set of conditions
that led to equilibrium between each set of positional isomers
in each walker system within a reasonable time period.33 For
hydrazone exchange29 (e.g., exchange between the 1,2 and 2,3
isomers), adding trifluoroacetic acid (TFA) and a small amount
of water (5% v/v with respect to TFA) to a solution (0.1 mM)
of the walker-track conjugate in chloroform (CHCl3) led to
reliable and efficient conversion (no detectable amounts of
oligomers or other side products) to a steady-state distribution
of isomers. In the case of reversible disulfide exchange,30 the
optimized conditions utilized the same concentration (0.1 mM)
of the walker-track conjugate in CHCl3, a strong base (1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU)), a mild reducing agent
(DL-dithiothreitol (DTT)), and dimethyl 3,3′-disulfanediyldipro-
panoate ((MeO2CCH2CH2S)2) as the placeholder disulfide.34 To
our surprise, subjecting 1,2-C5 to conditions for disulfide
exchange (or 3,4-C5 to conditions for hydrazone exchange) also
resulted in the formation of positional isomer 1,4-C5 (albeit in
small relative amounts, 9-20%). We originally suspected this
isomer would be too strained to be formed in appreciable
quantities using reversible chemical reactions.

Scheme 2 shows the reversible reactions that connect various
pairs of the four positional isomers 1,2-Cn, 2,3-Cn, 3,4-Cn, and
1,4-Cn under conditions for hydrazone (I) and disulfide (II)
exchange. In addition to the major passing-leg gait mechanism
from 1,2-Cn to 3,4-Cn via 2,3-Cn, 1,4-Cn provides a minor

“double step” route from 1,2-Cn to 3,4-Cn (Scheme 2). It is
interesting to note that occasional statistical “errors” to the major
pathway mechanisms also occur with the working action of
some biological motor proteins.1,35

We next quantified the position of equilibrium for every step
of the walker migration under reversible conditions I and II for
each set of walker-track conjugates (C2, C3, C4, C5, C8). In
each case, the four sets of reactions that connect two pairs of
positional isomers (1,2-Cn:2,3-Cn; 2,3-Cn:3,4-Cn; 1,2-Cn:1,4-
Cn; 1,4-Cn:3,4-Cn) were investigated. For 3,4-C4, for example,
the optimized conditions for disulfide exchange were applied,
the equilibrium ratio between 3,4-C4 and 2,3-C4 was determined
by HPLC (see the Supporting Information), and 2,3-C4 was
subsequently isolated by semipreparative HPLC. With the pure
sample of 2,3-C4 obtained from that experiment, two further
experiments were performed: a reverse control reaction to
equilibrate 2,3-C4 and 3,4-C4 and the hydrazone exchange
reaction that results in equilibrium between 2,3-C4 and 1,2-C4.
This procedure allowed the unambiguous determination of the
equilibrium composition of every positional isomer pair, includ-
ing the systems in which only the 3,4-isomer was initially
prepared according to Scheme 1 (C2, C3, C4, and C8).

Scheme 2 summarizes the results of the quantitative studies
on the steady-state composition of the reversible reaction
between the various positional isomers (see the Supporting
Information for examples of HPLC traces).36 Three significant
conclusions can be drawn from these results:

(i) The spacer length for the different walkers has a dramatic
effect on the amount of 2,3-isomer that can be formed under
the dynamic covalent bond exchange reactions. While 2,3-C5

is readily formed (44% from 1,2-C5 under acidic conditions and
60% from 3,4-C5 under basic conditions), 2,3-C4 is only formed
in 5-6% yield, and 2,3-C3 is not detected at all.37 This can be
explained by a significant increase in ring strain with the smaller
walkers. The net result is that the short “stride length” of these
walkers limits their ability to walk down the molecular track.
In effect, taking a step to the middle footholds becomes a rare
event, and it requires many acid-base oscillations for a

Giardini, A.; Lesma, G.; Passarella, D.; Peretto, B.; Sacchetti, A.;
Silvani, A.; Pratesi, G.; Zunino, F. J. Org. Chem. 2006, 71, 2848–
2853.

(31) The structure of 2,3-C5 was confirmed by two-dimensional 1H NMR
spectroscopy (ROESY, COSY).6 Further characterization involved
high-resolution mass spectrometry, HPLC, and LCMS (see the
Supporting Information).

(32) 2,3-C5 was isolated by preparative HPLC.6
(33) Disulfide exchange in organic solvents can require long periods of

time to reach equilibrium. See refs 30c and 30f, where 20-120 days
appear to be necessary.

(34) The placeholder disulfide is necessary to prevent oligomerization
through disulfide bridges.

(35) Noji, H.; Yasuda, R.; Yoshida, M.; Kinosita, K. Nature 1997, 386,
299–302.

(36) The equilibria for the C2 system were not studied in detail as initial
studies showed that the walker unit is too short to bridge the internal
footholds to any significant degree.

(37) The HPLC detection limit is <1%.

Scheme 2. Reversible Reactions That Connect Various Pairs of the Four Positional Isomers 1,2-Cn, 2,3-Cn, 3,4-Cn, and 1,4-Cn under
Conditions I or IIa

a Condition I (reversible hydrazone exchange): 0.1 mM, TFA, CHCl3, room temperature, 6-96 h (monitored by HPLC until the distribution no longer
changed). Condition II (reversible disulfide exchange): 0.1 mM, DTT (10 equiv), DBU (40 equiv), dimethyl 3,3′-disulfanediyldipropanoate (20 equiv),
CHCl3, room temperature, 12-48 h (monitored by HPLC until the distribution no longer changed).

J. AM. CHEM. SOC. 9 VOL. xxx, NO. xx, XXXX E
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Walking Small Molecule
• Distribution of the walker

This journal is c The Royal Society of Chemistry 2011 Chem. Soc. Rev.

joins the other foot to the track is labile allowing that foot to
sample two different (‘forward’ and ‘backward’) footholds
through hydrazone exchange (left hand side in Fig. 11). Under
basic conditions the relative kinetic stabilities of the foot–track
interactions are reversed and the disulfide foot samples forward
and backward binding sites on the track while the hydrazone
foot is locked in place (right hand side in Fig. 11).141 The
walker molecule thus randomly and processively takes zero or
one steps along the track using primarily a ‘hand-over-hand’
gait each time the environment is switched between acid
and base.

After several such acid–base oscillations, for an ensemble of
walker–track conjugates a steady-state distribution of walkers
on the four-foothold tracks is reached (Fig. 11b). The same
steady-state, minimum energy, distribution is reached irrespective
of which end of the track the walker starts from. This mode of
operation lacks an energy source and is not directional (at the
steady state, the probability for a forward step is equal to that
for a backward step).

Replacing the basic step with a redox-mediated disulfide
exchange reaction carried out under kinetic control, however,
leads to a different population distribution of the sulfur foot
between the footholds (Fig. 11c). Alternating between acidic
conditions and the redox sequence thus causes the two-legged
molecule to walk directionally down the track, away from the
minimum energy distribution, by an information ratchet type
of Brownian ratchet mechanism (see Section 3.2). A moderate
directional bias (a forward step is roughly 1.5 times more likely
than a backward step) was achieved in this way.

An investigation of a series of walker–track conjugates,138

differing in the length of the spacer that separates the feet in

the walker (Fig. 12a), revealed that the stride lengths of the
two shortest studied walker units (n = 2 and 3) were too short
to allow them to bridge the internal footholds. Only for the
two systems of intermediate walker length (n = 4 and 5) was
significant directional bias observed under acid-redox conditions,
interestingly in opposite directions. These results indicate that
a certain amount of ring strain is crucial for the emergence of
directional dynamics in these systems, a requirement that was

Fig. 11 (a) Oscillation of pH induces the migration of a synthetic small-molecule walker (shown in red) along a four-foothold molecular track

(footholds shown in green and blue; linker groups shown in black).136,137 Replacing the reversible base-induced disulfide exchange reaction with an

irreversible two-step redox process transports the walker predominantly to the right hand side of the track (away from the minimum energy

distribution). (b) Product distribution during three cycles of directionally-non-biased acid–base operation starting from pristine 1,2-C5. Note: the

minor isomer 1,4-C5 results from folding of the track. (c) Product distribution during 1.5 cycles of directionally-biased acid-redox operation

starting from pristine 1,2-C5.

Fig. 12 (a) Chemical structure of a series of small-molecule walker–

track conjugates.138 (b) Chemical structure of fourfold-deuterated

walker–track conjugate 3,4-C5-d4, which was used in a double-labelling

crossover study to determine the average processivity of walker

migration.
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significant amount of these walkers to traverse the central
footholds and thus move from one end of the track to the other.

(ii) The variation in spacer length of the walker unit has a
marginal effect on the amount of 1,4-isomer formed (9-25%).
In this positional isomer, the track forms a relatively large
macrocycle with the walker. Making this large macrocycle
smaller or larger by one atom has a negligible effect on ring
strain and the relative free energy of the compound.

(iii) The equilibria between each “terminal” isomer (1,2 and
3,4) and the “internal” 2,3 isomer do not consistently favor or
disfavor the formation of the internal macrocycle (for example,
with the C5 walker the 1,2-isomer is preferred over the 2,3-
isomer, 1,2-C5:2,3-C5 (56:44), whereas the internal macrocycle
is more thermodynamically stable than the 3,4-terminal isomer,
2,3-C5:3,4-C5 (60:40)).

For the C5 system, where all isomers were accessible in
appreciable amounts (see Scheme 2), and where both the 1,2 and
the 3,4 isomers were independently synthesized (Scheme 1),
experiments that sequentially cycled between conditions I and II
were conducted. Figure 2 (left-hand-side) shows how, starting from
pristine 1,2-C5, switching between conditions I and II over several
cycles leads to convergence of the positional isomer distribution
to a ratio of 1,2-C5:2,3-C5:3,4-C5:1,4-C5 39:36:19:6 ((2). A very
similar distribution of positional isomers was obtained starting from
pristine 3,4-C5 and carrying out the operation sequence over three
cycles (Figure 2; right-hand side). Thus, irrespective of which end
of the track the walker starts from, the effect of the “walking”
operations is to reach the same steady-state positional distribution
of the walker units on the track.

The behavior of the system raises the question if the observed
steady-state distribution is minimizing free energy (in other
words, if it corresponds to the lowest energy distribution for
the walkers on the tracks). The answer to this question is not
trivial, because under any one particular set of reaction
conditions each of the four isomers can only exchange with
the one positional isomer that it is “paired” with. The system
can thus only move toward the thermodynamic minimum in a
stepwise manner by switching back and forth between the
different sets of conditions several times. Furthermore, in
principle at least, the minimum energy distribution could be
different under different sets of conditions (i.e., conditions I
and II).

There is, however, compelling evidence that the steady-state
distribution shown in Figure 2 does indeed correspond to the
minimum energy of the system under both acidic and basic
conditions:

(i) Once the system has reached the steady state (Figure 2),
further oscillation of the conditions no longer changes (within
experimental error) the composition of the mixture. In a situation
where the relative energies of the positional isomers are different
under conditions I and II, one would expect a graph that
oscillates between two different steady states. This is not the
case in Figure 2.

(ii) During the walking operations, the system moves to correct
errors caused by imperfect experiments. Figure 3a shows a
superimposition of the data from the original experimental data
(from Figure 2) with data acquired during a repetition of the
experimental sequence. Even though the isomer ratios differ slightly
during some stages of the two experimental sequences (through
normal variations and errors in the execution of the experiments;
some reactions might not have gone to completion, sometimes the
analysis might have errors, etc.), the final composition of positional
isomers is the same in both experiments. The self-correcting nature
of the system is an indication that the composition of the mixture
always moves toward the minimum energy distribution.

Figure 2. Product distribution during three cycles of directionally nonbi-
ased, acid-base operation starting from pristine 1,2-C5 (left-hand side) and
from pristine 3,4-C5 (right-hand side). Under each set of conditions (I and
II), two different pairs of positional isomers are in equilibrium (see Scheme
2). Values are based on HPLC integration and are corrected for the
absorbance coefficients at 290 nm (see the Supporting Information).

Figure 3. (a) Demonstration of the reproducibility of the experimental
results from the operation of the C5 walker-track system and its “self-
correcting” behavior. Product distribution during two cycles of directionally
nonbiased, acid-base operation starting from pristine 1,2-C5 (left-hand side)
and from pristine 3,4-C5 (right-hand side). The originally obtained data
(lighter shade, identical to Figure 2) superimposed with data from a repetition
run (darker shade). (b) Predictability of system evolution based on the
equilibrium ratio of each pair of positional isomers. Product distribution
during three cycles of directionally nonbiased, acid-base operation starting
from pristine 1,2-C5 (left-hand side) and from pristine 3,4-C5 (right-hand
side). Solid lines, first experimental series (identical to Figure 2); dashed
lines, calculated data, based on extrapolation of the experimental ratios
between each pair of positional isomers (see Scheme 2).

F J. AM. CHEM. SOC. 9 VOL. xxx, NO. xx, XXXX

A R T I C L E S von Delius et al.
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joins the other foot to the track is labile allowing that foot to
sample two different (‘forward’ and ‘backward’) footholds
through hydrazone exchange (left hand side in Fig. 11). Under
basic conditions the relative kinetic stabilities of the foot–track
interactions are reversed and the disulfide foot samples forward
and backward binding sites on the track while the hydrazone
foot is locked in place (right hand side in Fig. 11).141 The
walker molecule thus randomly and processively takes zero or
one steps along the track using primarily a ‘hand-over-hand’
gait each time the environment is switched between acid
and base.

After several such acid–base oscillations, for an ensemble of
walker–track conjugates a steady-state distribution of walkers
on the four-foothold tracks is reached (Fig. 11b). The same
steady-state, minimum energy, distribution is reached irrespective
of which end of the track the walker starts from. This mode of
operation lacks an energy source and is not directional (at the
steady state, the probability for a forward step is equal to that
for a backward step).

Replacing the basic step with a redox-mediated disulfide
exchange reaction carried out under kinetic control, however,
leads to a different population distribution of the sulfur foot
between the footholds (Fig. 11c). Alternating between acidic
conditions and the redox sequence thus causes the two-legged
molecule to walk directionally down the track, away from the
minimum energy distribution, by an information ratchet type
of Brownian ratchet mechanism (see Section 3.2). A moderate
directional bias (a forward step is roughly 1.5 times more likely
than a backward step) was achieved in this way.

An investigation of a series of walker–track conjugates,138

differing in the length of the spacer that separates the feet in

the walker (Fig. 12a), revealed that the stride lengths of the
two shortest studied walker units (n = 2 and 3) were too short
to allow them to bridge the internal footholds. Only for the
two systems of intermediate walker length (n = 4 and 5) was
significant directional bias observed under acid-redox conditions,
interestingly in opposite directions. These results indicate that
a certain amount of ring strain is crucial for the emergence of
directional dynamics in these systems, a requirement that was

Fig. 11 (a) Oscillation of pH induces the migration of a synthetic small-molecule walker (shown in red) along a four-foothold molecular track

(footholds shown in green and blue; linker groups shown in black).136,137 Replacing the reversible base-induced disulfide exchange reaction with an

irreversible two-step redox process transports the walker predominantly to the right hand side of the track (away from the minimum energy

distribution). (b) Product distribution during three cycles of directionally-non-biased acid–base operation starting from pristine 1,2-C5. Note: the

minor isomer 1,4-C5 results from folding of the track. (c) Product distribution during 1.5 cycles of directionally-biased acid-redox operation

starting from pristine 1,2-C5.

Fig. 12 (a) Chemical structure of a series of small-molecule walker–

track conjugates.138 (b) Chemical structure of fourfold-deuterated

walker–track conjugate 3,4-C5-d4, which was used in a double-labelling

crossover study to determine the average processivity of walker

migration.
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conditions : (i) 0.1mM, TFA, CHCl3, rt (ii) 0.1mM, DTT(10eq), DBU(40eq), dimethyl 3,3’-disulfanediyldipropionate(20eq), 
CHCl3, rt (iii) a. 1.0mM, DTT(6eq), DBU(3eq), CDCl3, reflux; b. 0.1mM, Et3N(xs), methyl 3-mercaptopropionate(8eq), I2

(12eq), CDCl3/MeOH, rt

information ratchet

D. Leigh J. Am. Chem. Soc. 2010, 132, 16134 
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Walking Small Molecule
• Light-driven small-molecule walker

Chem. Soc. Rev. This journal is c The Royal Society of Chemistry 2011

best met by the C4 system in which a step forward was roughly
two times more likely than a step backward.

In a double-labelling crossover study,136,138 the processivity
of the walking process in the C5 system was determined
quantitatively. The double-labelled walker–track conjugate
3,4-C5-d4 (Fig. 12b) was mixed with unlabelled 3,4-C5

(Fig. 11) and the mixture subjected to conditions for both
directional and non-directional walker migration. Mass spectro-
metric analysis of the product mixtures revealed an average
step number (the number of steps after which 50% of the
walkers are no longer attached to their original track) of 37
under acid–base (non-directional) conditions and an average
step number of seven under acid-redox (directional) conditions.
Loss of processivity does not occur via complete detachment
of the walker moiety,141 but through oligomers in which a
walker unit bridges two tracks (these are formed in larger
quantities during the kinetically-controlled redox step).

A light-driven small-molecule walker, E/Z-1, in which the
walker unit can be transported in either direction along a four-
foothold track was recently described (Fig. 13).139 The design
is closely related to the original small-molecule walker–track
systems, with the crucial addition of a stilbene unit between
the internal aldehyde and disulfide footholds of the track.

The key to achieving directionality lies in the isomerisation
of the stilbene moiety, through which significant ring strain
can be induced in the positional (constitutional) isomer in
which the walker unit bridges the stilbene linkage (E-2,3-1 in
Fig. 13a). E- Z isomerisation provides a driving force for the
walker to step onto the central stilbene unit, while subsequent
Z - E isomerisation results in a majority of the walkers being
transported away from the stilbene group in a direction
determined by which foot–track interaction is labilised next.
The overall direction in which walker transport occurs is thus
dependant on the sequence of the four applied stimuli: acid or
base for mutually-exclusive ‘foot’ dissociation; UV light or

visible light (plus iodine) to induce or release ring strain
between the walker and the track.
Such a manipulation of the thermodynamic minima (here by

strain induction through stilbene isomerization) and kinetic
barriers (here by addition of either base or acid) experienced
by a substrate corresponds to an energy ratchet type of
Brownian ratchet mechanism (see Section 3.2). The energy
required to fuel directional transport in this system (a forward
step occurs roughly 1.5 times more likely than a backward
step) is all supplied through the E - Z photoisomerisation
reaction (i; Fig. 13a), that creates configurational strain in the
track. The other three reactions (ii–iv; Fig. 13a)—all under
thermodynamic control—each dissipate some of that energy in
a way designed to achieve the desired directional migration of
the walker.

6. Conclusions and outlook

Nature employs linear motor proteins to extraordinary effect,
performing numerous complex tasks in the cell and driving
chemical systems away from equilibrium. The diversity in the
structures and dynamic properties of members of the kinesin,
myosin and dynein families illustrate the many different forms
that molecular motors can take. In going from simple switches
that toggle between two or more states to motors that change
the position of their components (or substrates) progressively
and repetitively, the incorporation of ratchet mechanisms into
chemical structures is required.15 Molecular bipeds, with their
two distinct sites of interaction with a track, offer a logical and
effective means of achieving this.
Remarkable progress has been made in a relatively short

period in the development of synthetic molecules that can
walk along tracks.142 Some of the recently developed DNA
systems, particularly those that move autonomously or can
carry out sophisticated tasks (Fig. 8 and Schemes 4–8), are

Fig. 13 A light-driven small-molecule walker.139 (a) Operating mechanism of light-driven walker–track system based on selectively labile feet and

adjustable ring strain between the walker (red) and track in one positional isomer. The reaction sequence shown transports the walker from left-

to-right; switching steps (ii) and (iv) would cause the walker to be transported preferentially from right-to-left. Stimuli: (i) UV light; (ii) base; (iii)

visible light, iodine; (iv) acid. (b) Composition of the positional isomer mixture during one cycle of operation applying stimuli sequence: i–ii–iii–iv

(leads to bias towards the right end of the track).
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energy ratchet

D. Leigh Angew. Chem. Int. Ed. 2011, 50, 285
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V. Summary
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Walking Molecules
• Difference between respective walkers

Biological
- efficient
- need ATP as fuel
- only in aqueous environment
- modest stability

DNA
- automated synthesize
- designed by a computer
- complex tracks(DNA origami)
- need DNA as fuel

Small-molecule
- small size
- low efficient
- more stable
- in various environments
- not need ATP
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Walking Molecules
• What is a role of “walker”?

Walker is employed for driving 
chemical systems away from 

equilibrium.

Life is or isn’t a complex system of equilibrium.

a new chemical system mimicking life
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