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We are learning to build synthetic molecular machinery from DNA. This research is 
inspired by biological systems in which individual molecules act, singly and in concert, 
as specialized machines: our ambition is create new technologies to perform tasks that 
are currently beyond our reach. DNA nanomachines are made by self-assembly, using 
techniques that rely on the sequence-specific interactions that bind complementary 
oligonucleotides together in a double helix. They can be activated by interactions with 
specific signalling molecules or by changes in their environment. Devices that change 
state in response to an external trigger might be used for molecular sensing, intelligent 
drug delivery or programmable chemical synthesis. Biological molecular motors that 
carry cargoes within cells have inspired the construction of rudimentary DNA walkers 
that run along self-assembled tracks. It has even proved possible to create DNA motors 
that move autonomously, obtaining energy by catalyzing the reaction of DNA or RNA 
fuels. 
The remarkable specificity of the interactions between complementary nucleotides makes 
DNA a useful construction material: interactions between short strands of DNA can be 
controlled with confidence through design of their base sequences (Box 1). The 
construction of branched junctions between double helices1 makes it possible to create 
complex three-dimensional objects2,3,4,5, such as the tetrahedron5 shown in Figure 1, by 
self-assembly. One way to exploit this extraordinarily precise architectural control is to 
use self-assembled DNA templates to position functional molecules: examples include 
molecular electronic circuits6,7, near-field optical devices8 and enzyme networks9. It is an 
obvious extension of this research to convert static DNA structures into machines. DNA 
is not the natural choice of material with which to build active structures because it lacks 
the structural and catalytic versatility of proteins and RNA*. If we could cope with the 
complex repertoire of interactions required for a three-dimensional fold we would design 
more competent machines made, as in nature, from RNA and proteins11,12. We make 
nanomachines from DNA because the simplicity of its structure and interactions allows 
us to control its assembly. 

In this review we concentrate on research that is leading towards the development of 
synthetic molecular motors. We start by showing how DNA nanostructures can be made 
to switch between two states in response to molecular or environmental signals; we 
describe how a device can be moved along a track by operating molecular switches in the 
correct sequence; we finish with an account of the current state of development of 
autonomous molecular motors that are inspired by the natural motors myosin and kinesin. 
Closely-related work on DNA sensors and DNA-templated chemistry is described briefly 
in Boxes 2 and 3. 

                                                 
* For both DNA and RNA, Watson-Crick base pairing is the strongest interaction determining inter- and 
intra-molecular interactions, but RNA has a much richer repertoire of weaker non-covalent interactions that 
can stabilize complex three-dimensional structures10. 
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Molecular Switches 
The simplest active DNA nanostructures are switches or actuators that can be driven 
between two conformations. Motion is induced by changes in temperature or ionic 
conditions or by the binding of a signalling molecule, often a DNA strand. 

Conformation changes induced by changes in environment 
Rotary motion can be produced by changing the twist of DNA. Double-stranded DNA 
with the sequence (CG)n can be flipped from the usual right-handed helix (B-DNA) to a 
left-handed conformation (Z-DNA); this transition is favoured by high salt concentrations 
and low temperatures13. One of the earliest nanomechanical DNA devices14 used this 
transition to change the angle between two rigid DNA tiles connected by a (CG)10 stem. 
Each tile carried a reporter fluorophore. Förster resonant energy transfer (FRET) between 
fluorophores allows sensitive measurement of their separation on a nanometre length 
scale: the efficiency of energy transfer, mediated by a dipole-dipole interaction, scales as 
the inverse sixth power of their separation15. When the B-Z transition was induced by an 
increase in ionic strength, FRET measurements showed an increase in the separation 
between the fluorophores which was consistent with the expected relative rotation of the 
tiles by ~3½ turns.  

Yang and co-workers converted changes in the twist of DNA into linear motion16. Their 
device consisted of a closed loop of double-stranded DNA attached to opposite arms of a 
four-arm Holliday junction (Box 1)17. A Holliday junction can migrate (isomerize) by 
breaking identical base pairs in one pair of opposite arms and remaking them in the other 
pair. A change in the conformation of the DNA within the loop was initiated by adding 
ethidium bromide: this intercalating dye binds between adjacent base pairs, lengthening 
and partially unwinding the double helix. The resulting stress was relieved by junction 
migration: by shortening the protruding arms of the junction the loop was allowed to 
lengthen without changing the total number of twists within it. 

Environmentally-driven changes in the conformation of single-stranded DNA can induce 
linear motion. Under slightly acidic conditions a single strand with appropriately spaced 
cytosine bases folds into an i-motif, a compact three-dimensional structure that is held 
together by cytosine – protonated cytosine base pairs18. In the presence of a near-
complementary strand of DNA there is competition between the i-motif and an extended 
double helix formed by hybridization of the two strands (note that a perfectly 
complementary strand would itself fold into a stable structure called the G-quadruplex 
19). The i-motif device can be switched between compact and extended states by changing 
the pH20,21. Cyclic switching can be driven by an oscillating chemical reaction22,23. 

The i-motif to duplex transition has been made to do mechanical work. One surface of a 
silicon cantilever was coated with tethered cytosine-containing strands; formation of the 
i-motif induced a compressive surface stress that bent the cantilever24. The origin of the 
surface stress, which is also observed when complementary strands hybridize to tethered 
probes25, is not understood: electrostatic repulsion between the compact i-motifs plays a 
part, but the effect persists at high salt concentrations at which interactions over a 
distance comparable to the separation between strands are effectively screened. 
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It has also been suggested that the conformational change resulting from pH -dependent 
binding of a single strand of DNA to a duplex to form a triple-helical structure could be 
used as the basis of a nanomechanical actuator26,27. 

Devices such as those described above can be used to monitor and report on their 
environment. Box 2 describes how active DNA nanostructures are being developed as 
sensors, how elementary logical operations can be performed on their outputs, and how 
the combination of sensor and computation might be used to create smart drug delivery 
systems. 

Conformation changes induced by signalling 
Yurke and co-workers28 constructed a pair of DNA tweezers with two rigid double-
stranded arms connected at one end by a flexible single-stranded hinge (Figure 2). In the 
open configuration, the arms rotate freely about the hinge. Single-stranded tails extend 
from the free end of both arms and serve as attachment points for a control strand, the 
‘set’ or ‘fuel’ strand, that can pull the arms together by hybridizing to both of them. A 
short region of the set strand remains single-stranded even when hybridized to the device: 
it serves as a toehold for hybridization of a complementary ‘unset’ or ‘antifuel’ strand 
that strips the set strand from the device by branch migration (Box 1). Displacement of 
the set strand generates a double-stranded waste product and resets the device to its initial 
open configuration. The device can be driven through many cycles of operation simply 
by repeated sequential addition of set and unset strands. The time to half completion of a 
single switching operation is ~10 s at typical (micromolar) control strand concentrations: 
the rate constant for toehold-mediated strand exchange is ~105 M-1s-1 (ref 29). Operation 
of the DNA tweezers has recently been characterised using single molecule FRET 
measurements30. 

Strand displacement has been used to effect conformation changes in a wide variety of 
systems. A number of variations on the tweezers have been published including a device 
where the arms are pushed apart instead of being pulled together31 and a three-state 
device32. Yan and co-workers33 constructed a device consisting of a linear array of rigid 
DNA tiles; by stripping away and replacing control strands an extra 180° twist could be 
added to the connecting region, flipping adjacent tiles between cis and trans 
conformations which were easily distinguished by atomic force microscopy. The same 
device has recently been incorporated into a two-dimensional DNA array34. Feng et al. 35 
created a two-dimensional array which could be switched between states with different 
lattice spacings. Hazarika and co-workers36 used strand displacement to reverse the 
aggregation of gold nanoparticles held together by DNA bridges37. A number of groups 
have used DNA control strands to switch a section of DNA between a single-stranded 
state, designed to fold into a compact G-quadruplex stabilized by hydrogen-bonded 
tetrads of guanine19, and an extended duplex38,39,40. 

Motion of DNA devices can be triggered using RNA control strands41. By using a 
specific mRNA as a control strand, a tweezers device has been used to sense in vitro 
transcription 42,43. These experiments show how DNA devices could be controlled by 
transcriptional circuits 44-47, and point to future applications in which the presence of a 
specific mRNA within a cell might trigger an event such as the release of a caged drug48. 
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The maximum force exerted by hybridization of a signalling strand of DNA can be 
estimated as the free energy change on hybridization divided by the distance through 
which the hybridizing strands must move together and is of the order of 10 pN (ref. 28). 
The fact that protein motors generate similar forces 49-52 encourages speculation that DNA 
hybridization could be used to drive DNA devices that mimic natural molecular motors. 

Clocked walkers 
Machines that can be driven through more than one conformational transition are capable 
of relatively sophisticated tasks, like programmable synthesis of oligomers (Box 3) or 
directed motion along a track. They can be controlled by means of a set of DNA 
instructions that set the state of the machine by addressing each of the component devices 
independently. The simplest example is a 3-bit rewritable memory consisting of three 
single-stranded anchorages attached to a rigid double-stranded scaffold 53. The 
anchorages have unique base sequences so that they can be individually addressed. Each 
control strand delivers an instruction to the device to change its state: set strands 
hybridize to straighten the anchorages and are removed by unset strands. 

Shin and Pierce54 used a similar strategy to build a device with two distinguishable feet 
that walks on a track with four different anchorages. Each step requires the sequential 
addition of two instruction strands: the first lifts the back foot from the track and the 
second replaces it ahead of the stationary foot (Figure 3A). Directional movement, which 
is possible because the sequence of anchorages has no inversion symmetry, requires a set 
of eight DNA instructions. A similar scheme was used to roll two DNA ‘gears’ against 
each other55. The Sherman and Seeman walker56 uses a different stepping mechanism: 
The front foot steps forward then the back foot catches up (the front foot always remains 
ahead of the back foot). Both walkers could step indefinitely along a track composed of a 
repeating sequence of anchorages provided that the free foot is never offered a choice of 
anchorages. For the Shin and Pierce device, walking along a repeating sequence of four 
anchorages, this could be achieved by ensuring that the free foot can only bind to an 
anchorage adjacent to the bound foot (the sequence of anchorages could be reduced to 
three if the number of control strands were increased to twelve). For the inchworm 
mechanism of the Sherman and Seeman walker the feet are sometimes bound to non-
adjacent sites: continuous operation requires either a sequence of more than four 
anchorages or the constraint that the feet cannot swing past each other on the track. If the 
latter condition were met an inchworm device with distinguishable feet could walk on a 
repeating sequence of only two anchorages, although if it did manage to reverse it would 
not correct itself. Extended tracks for DNA walkers might be made from DNA 
nanotubes, which are straight structures with persistence lengths of many micrometres57-

60, or from arrays built on periodic61-63 or non-periodic64 DNA templates. 

The walking devices described in this section are not true molecular motors because they 
cannot complete a cycle of motion without external intervention. Lack of autonomy 
brings the advantage of increased controllability: the device can be stopped at a desired 
location or reversed simply by reversing the order that instruction strands are added. 
However, the construction of a free-running DNA motor that does not require external 
intervention would be a significant accomplishment. 

Molecular Motors 
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The ambition to use DNA to construct autonomous motors that step along linear tracks is 
inspired by biological motors like myosin, kinesin and dynein that use free energy from 
hydrolysis of ATP to drive directional movement. Biological motors are astonishingly 
competent: they can be very fast, moving loads at speeds of up to 60 µm s-1 (ref 65), and 
processive, travelling distances of up to 1 µm before dissociating from their tracks 66,49. 

A chemically driven molecular motor is necessarily a catalyst for the reaction of the fuel 
from which it obtains energy. Biological motors couple conformational changes, 
including track binding and unbinding and rotation amplified by lever arms, to the 
binding and hydrolysis of ATP and release of ADP67. Three different sources of energy 
for synthetic DNA motors have been explored: hydrolysis of the DNA backbone and 
ATP hydrolysis (both of which involve making and breaking covalent bonds), and DNA 
hybridization. 

Motors powered by DNA and RNA hydrolysis  
The free energy released on hydrolysis of the phosphodiester backbone of a DNA or 
RNA fuel can drive an autonomous device that is capable of catalyzing this reaction. 
RNA hydrolysis can be catalyzed by a limited set of DNA sequences including the ‘10-
23’ DNA enzyme 68, a short DNA strand consisting of a catalytic loop that cuts a 
substrate that is held in place by hybridization to two arms that flank the loop. This 
reaction was used to drive autonomous conformational changes of a tweezer-like 
device69. The arms of the tweezers are tethered together by a single strand of DNA that 
incorporates the catalytic sequence. Hybridization of a single-stranded fuel to the tether 
pushes the arms apart and positions two RNA bases in the fuel close to the catalytic motif 
of the DNA enzyme. The DNA enzyme cuts the fuel between the RNA bases to create 
two short fragments that dissociate spontaneously, restoring the random coil 
configuration. 

Two groups have used DNA hydrolysis to power a motor that moves along a track 
(Figure 3B). In both cases the track consists of repeated identical single-stranded 
anchorages attached to a double-stranded backbone. The cargo is a strand which can 
hybridize to any anchorage and, in conjuntion with a catalyst, enables its cleavage. In the 
motor constructed by Tian and co-workers70 each anchorage contains two RNA bases and 
can be cleaved when hybridized to the cargo which contains the ‘10-23’ catalytic 
domain68. In the motor created by Bath and co-workers71 the cargo – anchorage duplex 
contains a recognition site for a genetically modified nicking restriction enzyme (Box 1), 
N.BbvC IB72, that cuts only the anchorage strand. The outer segment that is cleaved from 
the anchorage is short enough to dissociate spontaneously from the cargo, leaving the 
complementary section of the cargo as a single-stranded overhang that can hybridize with 
the next anchorage. The cargo is transferred completely to the new anchorage by a branch 
migration reaction and the operating cycle can be repeated. (It is important that the rate of 
stepping without cleavage be small, as such a step creates the possibility that after the 
next cleavage the cargo will step backwards and be marooned.) The free energy input is 
provided by the hydrolysis of the DNA backbone and includes the configurational 
entropy of the liberated fragment. Autonomous, directional motion is achieved by making 
cleavage of the anchorage conditional on the presence of the cargo, and rapid motion of 
the cargo along the track conditional on cleavage. Unidirectionality is achieved by the 
simple expedient of destroying the track that the cargo has passed over, although the 
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track does not impose an initial direction on the motion unless it is prepared with the 
cargo at one end. At all stages in the cycle the cargo is hybridized to one or two 
anchorages: the stronger the interaction the lower the probability of dissociation of the 
cargo from the track. Unfortunately, strong binding of the cargo also has the effect of 
slowing down transfer of the cargo between anchorages: the strength of the cargo – track 
interaction must be tuned to achieve an appropriate balance between speed of operation 
and processivity. Ultimately the rate is limited by the turnover of the catalyst (0.003 s-1 
for N.BbvC IB73 and 0.06 s-1 for the 10-23 ribozyme68). The destruction of the track after 
a single passage limits the potential applications of these devices. 

Motors powered by ATP hydrolysis  
Several designs for motors74-76 and computing devices77,78 involve cycles of restriction 
(backbone cleavage) and ligation (backbone joining). Bonds broken by a restriction 
enzymes are repaired by DNA ligase (Box 1) which converts one molecule of ATP to 
AMP for every phosphodiester bond made. The free energy input to a cycle of operation 
of one these devices is thus provided by ATP hydrolysis. Yin and co-workers76 
constructed an autonomous DNA motor that passes its cargo down a track from one 
anchorage to the next (Figure 3C). Its operating cycle is designed to prevent dissociation 
of the cargo from the track: the cargo is attached covalently, rather than by hybridization, 
and release from one anchorage is made conditional on attachment to the next. The track 
consists of a double-stranded DNA backbone to which double-stranded anchorages are 
attached by short single-stranded tethers. Each anchorage has a 3-base 3ƍ overhang. The 
cargo consists of two 3-base DNA fragments, one of which is ligated to each strand of 
one double-stranded anchorage. The track, which is intrinsically directional, consists of 
an infinitely repeated sequence of four anchorages A-D (only a three-anchorage track has 
been tested76). The operating cycle of the motor is as follows (an anchorage to which the 
cargo has been ligated is indicated by an asterisk - A* etc.). The sticky end (overhang) of 
A* is complementary to that of B; the two sticky ends hybridize and are ligated by T4 
DNA ligase. The A*B complex contains a sequence of base pairs that is recognized by a 
restriction enzyme which cuts it to create A and B*, transferring the cargo to anchorage 
B. Similarly, the cargo can be transferred from B* to C, C* to D and D* to A etc. Two 
restriction enzymes (PflM I and BstAP I), which have different recognition sites, are 
used, one for the first and last steps in the sequence and one for the middle two steps†. 
The motor is unidirectional: if (say) B* is religated to A in an idling step then the B*A 
complex can be cut to recreate B* and A (repeating the previous forwards step) but not B 
and A* (a backwards step). Energy is input at each ligation step by ATP hydrolysis, and 
dissipated at each enzymatic cleavage (hydrolysis of the DNA backbone releases free 
energy). Passage of the cargo does not permanently change the track. The motor is 
processive: the cargo is always covalently attached to at least one if not two anchorages. 
In principle the motor is capable of indefinite unidirectional, processive, autonomous 
motion. In practice, this scheme is complicated by the need to use three enzymes 
simultaneously. 

                                                 
† The four-anchorage sequence, that allows the track for this motor to be extended indefinitely, can be 
obtained by adding a fourth anchorage D 5ƍ-CTGG-3ƍ / 5ƍ-CCAGCAG-3ƍ to the three-anchorage track 
published by Yin and co-workers76. 
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Catalysis of DNA hybridization as an energy source 

The energy that drives most of the two-state devices and clocked walkers described in the 
first part of this review is provided by DNA hybridization. In general their operating 
cycles involve a conformation change driven by interaction with at least one fuel strand 
which is later removed by hybridization with the corresponding antifuel strand. The fuel-
antifuel duplex is a waste product. Both processes are driven by the decrease in free 
energy on forming additional base pairs, which can be substantial: the free energy change 
on creation of ten basepairs is comparable to that for ATP hydrolysis (¨G°ATP = -7.7 kcal 
mol-1 (ref 79) and under cellular conditions ¨GATP ≈ -14 kcal mol-1; ¨G°hybridization ≈ -1.4 
kcal M-1 per basepair80). 

In order to use DNA hybridization as an energy source for a free-running molecular 
motor it is necessary to create both a metastable DNA fuel, whose spontaneous 
hybridization rate is slow compared to the cycle time of the motor, and a means of 
catalyzing its hybridization. Turberfield and co-workers introduced the idea that DNA 
loops could be used as a fuel81. In order to simplify FRET measurement of reaction rates 
they used two-strand loop complexes; hairpin loops, formed by hybridization of 
complementary domains at either end of a single strand, are also suitable82-84. Figure 4 
uses hairpin loops as an example to introduce the ideas of a metastable DNA fuel and of a 
hybridization catalyst. Two hairpins with identical necks and complementary loop 
domains can hybridize to produce a continuous duplex (Figure 4). This reaction is driven 
by the free energy of hybridization of the loop bases (bases in the necks are hybridized 
both before and after the reaction, although to different partners) which more than 
compensates for the loss in configurational entropy attendant on dimer formation. 
Although hybridization can be initiated by interaction of unpaired bases in the loop 
domains, it is strongly hindered by closure of the necks: hybridization of the loop bases is 
limited by the topological impossibility of winding one loop around another to form a 
double helix. The reaction can be speeded up by competing open at least one neck by 
means of an ‘opening strand’ that incorporates a neck sequence. A useful opening strand 
also incorporates a toehold domain81 that can initiate the strand-displacement reaction that 
opens the neck by hybridizing either to the first few bases in the loop domain or to an 
unprotected single-stranded extension at the free end of the neck (Box 1). The opened 
loop can react more rapidly with its complement: it can, for example, thread though the 
loop of an unopened hairpin to facilitate hybridization in the loop domain. Complete 
hybridization of the hairpin with its complement displaces the opening strand (but not 
from an external toehold, which must be short enough to allow spontaneous dissociation). 
The freed opening strand can then hybridize to another loop and accelerate its reaction 
with its complement: it is a catalyst for loop – loop hybridization. If a single strand of 
DNA that undergoes a transition from random coil to duplex can be described as a 
machine then a hybridization catalyst was the first autonomous DNA machine81.‡  

Interactions between complementary pairs of hairpins82,84 and of two-strand loops81,85,86 
have been studied with reference to their potential use as fuel. Dirks and Pierce have 
demonstrated a triggered amplification reaction83 in which a loop-opening initiator 

                                                 
‡ It might be helpful to restrict the use of ‘machine’ to mean ‘an apparatus constructed to perform a task’ 
(OED). 
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triggers a cascade of hairpin-hairpin reactions. Seelig and co-workers86 pointed out that 
the loops studied in reference 81 can form a stable ‘kissed’ complex held together by 
partial base-pairing between loop domains without disruption of the necks. The kissed 
complex was purified and shown to be particularly long-lived (t1/2 ~ 106 s); catalysis of 
the hybridization of this complex by a neck-opening strand can speed up their reaction to 
form a duplex by a factor of 5000 (ref 86). The authors point out that the kissed complex 
may be suitable for use as a one-component fuel. 

We show in Figure 5 an early, unpublished design (AJT) which demonstrated that it is 
possible to create a motor from a hybridization catalyst. A single step of a cargo along a 
track is driven by hybridization of one pair of complementary hairpins. Successful 
operation of such a free-running, hybridization-powered motor has not yet been reported. 

The use of DNA hybridization as an energy source is attractive because the rates of 
different reactions can be tuned independently by adjusting the base sequences and 
concentrations of the corresponding fuel strands. The demonstration of an autonomous 
molecular motor made from DNA that is capable of extracting energy from a metastable 
DNA fuel remains a significant challenge. 

Outlook 
Research objectives are suggested by the example of natural molecular machines, the 
drive to miniaturize existing devices and the possibility of implementing models of 
computation in molecular systems. Biological systems set challenging – perhaps 
impossibly high – benchmarks.  

• The use of static DNA templates (Box 3) is only the first stage in the development 
of DNA-directed synthesis. The example of the ribosome suggests that the track 
down which a synthetic molecular motor moves could be used as an instruction 
tape to control the stepwise addition of different monomers to create an oligomer 
of arbitrary length and sequence.  

• The direct experimental realization of a Turing machine as a molecular machine, 
moving on and altering a DNA instruction tape, according to its internal state and 
transition rules, could be used as a challenge to drive the development of active 
DNA devices.  

• DNA machines are built by rational design whereas biological machines evolve. 
We should explore the combination of rational design with in vitro selection or 
evolution as a way to build more competent machines.  

• The simplicity of DNA is both an advantage and a drawback when making 
molecular machines. Where chemical versatility is required synthetic DNA 
bases87 and backbone linkages88,89 and RNA and peptide components should be 
considered.  

• Many DNA sensors and other active devices are inspired by potential medical 
applications. We should investigate the behaviour of DNA devices in vivo and 
explore techniques for introducing them into cells. 

As our knowledge of how to engineer self-assembling systems improves so the fields of 
DNA, RNA and peptide design will converge; as the resolution of semiconductor 
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lithography improves so self-assembly and top-down nanofabrication will be integrated. 
In constructing functional molecular devices we have the opportunity to learn about 
biology while imitating its processes. We have hardly begun to explore the potential of 
synthetic molecular machinery. 
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Box 1 The Building Material 
a, The DNA backbone, shown in green, is an alternating string of deoxyribose sugars and 
phosphate groups whose polarity is indicated by the end-labels 5ƍ and 3ƍ. One of the four 
bases G, A, T, C (guanine, adenine, thymine, cytosine) is attached to each sugar (bases 
are shown in grey). Hydrogen bonding between complementary CG and AT base pairs 
holds two strands of DNA together to form a right-handed double helix. (Formation of 
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the double helix by base-pairing between complementary strands is described as 
hybridization.) For clarity, the helical character of DNA is omitted from the figures that 
follow: the backbone is represented as a coloured line and the bases (paired or unpaired) 
as short grey lines. Complementary sequences are indicated by light and dark shades of 
the same colour. 

Double-stranded DNA has a persistence length of 50nm (ref 90): on the length scale of 
most devices described here (a few tens of basepairs, or ~10nm) it can be considered to 
be stiff and straight. Single-stranded DNA is very flexible: its persistence length is of 
order three backbone units91. 

Enzymes can be used to break the phosphodiester backbone of DNA: a typical restriction 
enzyme recognizes a specific sequence of bases within double-stranded DNA and cuts 
both strands within the recognition sequence (black triangles indicate cuts made by the 
enzyme EcoRI). 

b, Short single-stranded ‘sticky ends’, shown in red, can be used to join two segments of 
double-stranded DNA. Hybridization between complementary sticky ends leaves nicks in 
the backbone where the 3ƍ end of one strand meets the 5ƍ end of another. Nicks can be 
repaired by DNA ligase, an enzyme that catalyses formation of a phosphodiester bond 
between adjacent 3ƍ hydroxyl and 5ƍ phosphate groups. 

c, A four-arm junction made from four strands of DNA illustrates the principle that self-
assembly can be controlled through design of the component strands. The interactions 
that hold together the four double-helical arms are encoded in the base sequences of the 
strands by ensuring that sections of DNA that should hybridize to each other have 
complementary sequences. Undesired interactions are ‘designed out’ by adjusting the 
sequences to reduce the stability of competing structures92-94. For a simple structure, this 
design process will ensure that when the component strands are annealed the desired 
structure will be formed in high yield. An analogous procedure was used to create the 
tetrahedron shown in Figure 1 in a single assembly step5.  

A Holliday junction is a four-arm structure in which opposite arms have the same 
nucleotide sequences17. The position of the junction can migrate in a process in which 
base pairs in one opposite pair of arms break and are reformed in the other pair. 
d A short single-stranded sticky end can also serve as a toehold for strand exchange29. A 
complementary strand which binds first to the toehold can displace the shorter strand of 
the original duplex: strand exchange proceeds by means of a random walk of the branch 
point separating regions hybridized to the competing strands. Strand exchange is driven 
by the greater stability of the duplex formed with the invading strand, which results from 
the additional base pairs in the toehold region. Several devices that use strand exchange 
drive conformation changes are described in this review. 

Box 2 Sensors that can process information 
A DNA device that changes configuration in response to a chemical or physical input, 
and couples that change to a useful output is a sensor. Temperature95- and pH20-sensors 
have been described. FRET changes have been used to detect the deformation of a double 
helix when bound by a protein and to estimate the DNA-protein interaction energy96. 
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Molecular beacons97 are routinely used to detect specific DNA sequences: hybridization 
to the target opens a hairpin loop and separates fluorophores attached to the neck 
domains. Aptamers are oligonucleotides that are capable of binding specific targets; they 
are generated from random sequence libraries by repeated in vitro selection and 
amplification98. DNA sensors that incorporate aptamers can be designed to detect small 
molecules or proteins83,99. Binding and release of the blood clotting protein thrombin 
from a DNA aptamer can be triggered using a DNA control strand99-101. 

DNA-based sensors can incorporate gain. An ATP-binding aptamer has been used to 
trigger the polymerization of DNA hairpin loops83. An RNA aptamer has been used to 
couple detection of a protein to release and activation of viper venom enzyme that 
triggers a blood-clotting cascade, generating a visible signal by precipitating polystyrene 
microspheres102. A colour-based lead sensor has been constructed from a lead-dependent 
DNA enzyme that cleaves the DNA linkages holding together a network of gold 
nanoparticles103. Various schemes for detecting target DNA sequences make use of DNA 
enzymes to amplify the input signal: the target sequence can switch on a DNA 
enzyme104,105 or a ribozyme106, or act as a primer to trigger the production of a DNA 
enzyme107 by isothermal amplification108. 

Ribozymes whose activity is regulated by control strands can be used to perform logical 
operations109,110. The DNA enzyme shown in a binds to a DNA substrate (dark green) 
incorporating a ribobase (white) and cuts it. A simple modification to the DNAyme 
produces a NOT gate (shown in b): the DNA enzyme will not cut in the presence of 
strand x (blue) because its binding disrupts the active site. Further modification produces 
a DNA enzyme (shown in c) that will not cut in the absence of strand y: the substrate will 
only bind in the presence of strand y. Simple programs can be executed by combinations 
of gates111,112. 

Seelig et al have built logic gates that are based on DNA hybridization rather than DNA 
hydrolysis113. For example, their AND gate uses hybridization of the first input strand to 
the gate complex to uncover a toehold that allows binding of a second input strand, 
releasing the output strand. Outputs from one operation can be used as inputs to another, 
opening the way to the creation of multilayer circuits. 

In principle, molecular computation could be used to control a therapeutic device: for 
example, a device operating within cells could trigger programmed cell death in response 
to a specific set of mRNAs. Working towards this goal, Benenson et al. constructed 
system of enzymes and DNA fragments that can release a short strand of DNA (which 
could have a therapeutic effect) after successful completion of a series of tests for the 
presence or absence of DNA signals114. Control of gene expression has been 
demonstrated using engineered riboregulators, noncoding RNA fragments that can 
interfere with transcription and whose interaction with the target gene can be modulated 
by binding of a signal RNA or small molecule115,116. 

Box 3 Controlling chemical Synthesis 
The ribosome creates proteins by linking amino acids according to instructions encoded 
in mRNA. Could a DNA nanomachine be used to build an oligomer specified by 
instructions encoded in DNA? The challenge is to read and process a sequence of 
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instructions in the correct order and to respond by promoting the appropriate chemical 
reactions.  

Halpin and Harbury used DNA-encoded instructions to synthesize short polypeptides. 
DNA instruction strands consisted of a string of unique sequence tags (codons) that 
specified both the identity of an amino acid and its position in the polypeptide 
product117,118. This strand remained covalently attached to the growing chain and was 
used to direct its path between reaction vessels, in each of which one amino acid was 
added. At each step, molecules with the appropriate tag for a given reaction were selected 
by hybridization to complementary sequence tags (anticodons) immobilized on a solid 
support.  

Liao and Seeman constructed a reconfigurable device that can template assembly of four 
different DNA products119. At the heart of the device are two conformational switches 
that can be rotated by 180º by interaction with DNA instruction strands. The device 
promotes the ligation of double-crossover tiles. The four states of the device offer up four 
different combinations of splints that bind and hold together single-stranded sticky ends 
protruding from different tiles, and thus catalyze ligation of four different tile sequences. 
This device does not read instructions in sequence, instead its switches are initialized 
independently before synthesis begins. The length of the product is limited by the length 
of the device. 

It is possible to promote other chemical reactions simply by attaching reactants to 
complementary DNA strands and using hybridization to hold them together and thus to 
increase the reaction probability120. Multistep synthesis can be carried out by controlling 
the secondary structure of the DNA template: masks that prevent reagents from coming 
into contact can be removed by increasing the temperature121. DNA-templated chemistry 
can also be used to assemble linear and branched organic precursors into complex 
structures whose connectivity is programmed by the template122,123. DNA devices can be 
used to trigger chemical reactions by changing the effective concentration of reagents in 
response to a change in pH124 or to the addition of a control strand125. 

Progress in the construction of linear motors built from DNA, together with the 
demonstration of DNA-templated chemistry, sets the following challenge: to construct a 
DNA device that acts, like the ribosome, as a chemical assembler that can process an 
instruction tape of arbitrary length. 

 

Figure 1. Self-assembly of a nanometre-scale object. The DNA tetrahedron5 has 
relatively stiff double-stranded edges linked by flexible single-stranded hinges. A cargo, 
for example a protein48, can be trapped in the central cavity of the tetrahedron. 
Mechanical devices built from DNA could be used to open the tetrahedron126 to control 
access to the cargo. 

Figure 2. A DNA nanomachine driven by repeated sequential addition of DNA 
control strands. DNA tweezers28  have two double-stranded arms connected by a 
flexible single-stranded hinge. The ‘set’ strand pulls the arms into a closed conformation 
by hybridizing to single-stranded tails at the ends of the arms. A short region of the set 
strand remains single-stranded even when it is hybridized to the tweezers: this region 
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serves as a toehold that allows the ‘unset’ strand to hybridize to the set strand and strip it 
from the device, returning the tweezers to the open configuration and generating a 
double-stranded waste product. The state of the device can be determined by measuring 
the separation between donor and acceptor fluorophores (represented by the green 
triangle and red circle) using FRET. 

Figure 3. DNA Nanomachines that execute directional stepwise movement along 
linear tracks. 
a, The Shin and Pierce walker54 has two distinct feet and steps along a track that displays 
a sequence of four distinct single-stranded anchorages (the first three are shown). Each 
step is driven by sequential addition two control strands, one that lifts the back foot from 
the track and one that binds it to a new anchorage ahead of the stationary foot. The single 
step shown here requires two instruction strands. A total of eight instruction strands are 
required for extended operation of the motor. 

b, Autonomous movement can be driven by enzymatic hydrolysis of the DNA71 or 
RNA70 backbone. Binding of the cargo to an anchorage enables an enzyme to cleave the 
anchorage (the cleavage site is indicated by a black triangle). A short fragment of the 
anchorage is released, leaving the cargo with a single-stranded toehold that can bind to 
the intact anchorage ahead of it; the cargo can then step forward by a branch migration 
reaction. Destruction of the track in the wake of the cargo imposes directionality.  

c, A cargo can be passed autonomously from one anchorage to the next by a repeated 
cycle of enzymatic ligation and hydrolysis76. The cargo consists of two short fragments of 
DNA. It is passed along a track with four distinct double-stranded anchorages. In the top 
panel the cargo is covalently attached to anchorage A. Anchorage B ahead of it has a 
sticky end that is complementary to the free end of the cargo. DNA ligase joins the two 
anchorages covalently with the cargo bridging the gap between them (middle panel). This 
creates a sequence of bases that is recognized by a restriction enzyme which cleaves the 
cargo from A, leaving it covalently attached to B (bottom panel) , and so on. Cleavage 
sites are represented by black triangles. 

 

Figure 4. Hairpin loops to fuel DNA motors81. DNA loop complexes can be used as an 
energy source. The DNA hairpin has a single-stranded loop trapped by a double-stranded 
neck. Hybridization of complementary hairpins releases free energy of ~1.4 kcal mol-1 
per additional base pair formed80, but is hindered because the loop domains cannot wind 
round one another without opening at least one neck. The reaction can be catalyzed by a 
short strand that binds to a single-stranded toehold, either in the loop or at the far end of 
the neck, and opens the hairpin by hybridizing to the neck along its entire length81-86. 
Once opened a loop interacts relatively quickly with its complement and releases the 
catalyst strand. 

 

Figure 5. Scheme for a hybridization-powered molecular motor. 

This scheme shows how stepwise movement of a single-stranded DNA cargo along a 
rigid track might be coupled to hybridization of complementary hairpin loops. The cargo 
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moves between single-stranded anchorages. An empty anchorage is designed to bind to 
the first few bases of the loop domain of the lbar hairpin (red) and to compete open the 
hairpin’s neck (blue) by a strand-displacement reaction, in the same way as the 
hybridization catalyst shown in Figure 4. The cargo is complementary to the anchorage 
sequence and has an extended toehold region which is designed to interact with the loop 
domain of the complementary hairpin l. The track-bound cargo can open an l hairpin in a 
strand-exchange reaction involving nucleation and migration of a four-arm Holliday 
junction (Box 1). In this reaction the blue domains in the hairpin neck, the cargo and the 
anchorage exchange partners, displacing the cargo from its initial anchorage but keeping 
it securely attached to the track. By forcing open the necks of complementary hairpins l 
and lbar the track-bound cargo and adjacent empty anchorage catalyze their 
hybridization. When the open loops hybridize to produce an: l-lbar duplex (a waste 
product) the cargo is deposited on the next anchorage by strand exchange. One loop-loop 
reaction is thus coupled to one step down the track. This motor could be made directional 
by preparing all anchorages with bound (open) lbar hairpins then removing excess lbar. 
Motion of the cargo would leave empty anchorages behind, preventing backwards steps. 
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