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ature has evolved various tiny pro-

tein machines (e.g., myosin, kinesin,

and dynein) that travel along a net-
work of tracks within the cell to transport
organelles and power cellular motion."? In-
spired by these protein-based molecular
motors, artificial devices,>~” especially DNA-
based motors, have recently emerged and
started to mimic the function of biological
motors in cargo transport® and biosynthesis.”
As biological macromolecules similar in size to
molecular motors, and with the added ca-
pability of simple programmable assembly,
DNA:s are suitable for the control of progres-
sive, processive, and directional movement at
the molecular level.

Energy supply is a major concern for any
motor, and various energy sources (e.g., DNA
hybridization,®~"" hydrolysis of either DNA/
RNA backbones,'>" "> or ATP molecules'®)
have been previously explored for DNA walk-
ers. Still, these artificial walkers are in their
infancy; they are not as powerful or organized
as their natural protein counterparts. In this
regard, identification of new types of energy
supplies could be meaningful in the develop-
ment of the next-generation mechanical
robots, ideally with more powerful and con-
trollable operation.?

We recently reported a new light-energy-
powered DNA walker, which is capable of
regulated autonomous movement along a
nucleic acid track."” Construction of free-
running and autonomous motors, which
remain in operation as long as a source of
energy is available, is essential to the opera-
tion of nanomachines that mimic biological
function. However, the capability of auton-
omous motion sometimes results in de-
creased controllability. That is, the device
cannot be easily stopped at a desired posi-
tion or time, or once stopped, it is difficult to
restart. The availability of an easily controllable,
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ABSTRACT

Recently, the specific hybridization of DNA molecules has been used to construct self-

assembled devices, such as the mechanical device to mimic cellular protein motors in nature.

Here, we present a new light-powered DNA mechanical device based on the photoisomeriza-

tion of azobenzene moieties and toehold-mediated strand displacement. This autonomous and

controllable device is capable of moving toward either end of the track, simply by switching
the wavelength of light irradiation, either UV (365 nm) or visible (>450 nm). This light-

controlled strategy can easily solve one main technical challenge for stepwise walking devices:

the selection of routes in multipath systems. The principle employed in this study,

photoisomerization-induced toehold length switching, could be further useful in the design

of other mechanical devices, with the ultimate goal of rivaling molecular motors for cargo

transport and macroscopic movement.

KEYWORDS: DNA nanostructure - light control - reversible motion - strand

displacement

free-running walking device would also be
significant for the future design of nanorobots
to perform multiple and complex functions.
We have demonstrated that photochemical
energy sources can serve as inputs in the
operation of nanosized DNA walkers, where
light-initiated chemical cleavage allows precise
control of the speed and motion of autono-
mous nanorobots.”'®

The directional movement of the above-
mentioned light-driven walker stems from
the “burnt-bridge” mechanism, whereby the
anchorage sites on the track are irreversibly
consumed during the motion. However, as a
result, the reversible, cyclic operation of the
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walking device has been eliminated, preventing the
walker from mimicking natural molecular motors (e.g.,
kinesin) that change the directionality of movement
toward both ends of the tracks® and seriously restrict-
ing future usage of the device for multiple trips.
Advancing the functions of the walking system to
facilitate reversible and multidirectional locomotion is
one goal of DNA engineering. In the present work, we
describe a new light-driven walking system, which
enables the DNA walker to travel in either direction
on the track, with precise controllability, by using
different wavelengths of light irradiation.

RESULTS AND DISCUSSION

The movement of the DNA walker is guided by the
prescriptive landscape. Through precise specification
of walker/environment interactions, directional loco-
motion can be realized without a cleavage process. In
DNA strand exchange, one prehybridized strand in a
DNA duplex is displaced by an invading strand. The
rate of strand exchange can be quantitatively con-
trolled by varying the length of toeholds (short single-
stranded domains to initiate displacement).’®?° On the
basis of toehold-mediated strand displacement, we
demonstrate in this study the reversible, autonomous,
and controllable movement of DNA walkers along an
azobenzene-incorporated prescriptive track.

The walking system consists of three parts: a single-
stranded DNA track (T), several photosensitive an-
chorage sites (e.g., S1 and S2), and a DNA walker (W)
(Figure 1). The track contains three 21 nucleotide (nt)
long binding regions that are complementary to the
recognition tags of the respective anchorage sites.
Through specific DNA interaction, the track organizes
the anchorage sites into one self-assembled construc-
tion, with the walker (W) binding sites extending
from the track. After assembly, the distance between
two adjacent anchorage sites corresponds to two
helical pitches, roughly 7 nm. The construction of the
overall walking system was verified by native poly-
acrylamide gel electrophoresis (Figure S1 in the Sup-
porting Information).

The DNA walker contains two legs, a searching leg
and a holding leg, and they are linked by a DNA
oligomer as the body. The two motion legs are de-
signed to respectively bind the two extender segments
of each anchorage site. The holding leg binds the 16 nt
extender segment, which is identical in all anchorage
sites to prevent the walker from leaving the track. The
other extender segment, which serves as the toehold
to mediate the locomotion (strand displacement) of
the walker, is designed to be complementary with the
searching leg of the DNA walker.

Various numbers of azobenzene moieties were in-
corporated into different extender segments. The photo-
induced isomerization of azobenzene molecules has
been broadly used to induce significant conformational
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and biochemical changes in nucleic acids,®' 2 peptides,

and proteins.”® The light-driven cis/trans isomerization of
the azobenzene moiety is wavelength-dependent: UV
light at 365 nm drives the trans-to-cis conversion, while
visible light at around 465 nm corresponds to the cis-to-
trans isomerization. When incorporated into the DNA
structure, the UV-light-induced cis-form lowers the bind-
ing affinity of the DNA duplex based on the spatial
hindrance to DNA hybridization. In contrast, visible light
irradiation reverses the isomerization and enables DNA
duplex binding. By introducing azobenzene moieties into
the toehold domain of extender segments, the moving
direction of the walker (ie, the strand displacement
pathway toward the longer toehold binding site) is
controllable by irradiation with different wavelengths of
light (Figure 1).

The directional locomotion of the DNA walker was
investigated using a fluorescence resonance energy
transfer (FRET) assay. As the FRET acceptor, Dabcyl
quencher was labeled on the walker's holding leg,
and fluorescence donors, 6-carboxyfluorescein (6-
FAM) and tetramethylrhodamine (TAMRA), were at-
tached to anchorage sites S1 and S2, respectively
(Figure S2 in the Supporting Information). Because
FRET efficiency is proportional to the inverse sixth
power of the donor—acceptor distance, FRET is ex-
pected to occur most efficiently when the walker steps
onto the respective anchorage site, thereby bringing
FAM (or TAMRA) and Dabcyl together.

We first tested the feasibility of our method by using
the simplest two-step photocontrollable locomotion
(Figure 2a). The FAM-labeled S1 anchorage site con-
taining 7 nt served as the toehold domain for binding
the searching leg of the DNA walker. In comparison, the
TAMRA-labeled S2 site containing a longer toehold
region (14 nt) also included nine azobenzene moieties
(one after every two bases; see Materials and Methods).
Such azobenzene/nucleic acid ratio has previously
been proven to be highly efficient in regulating
DNA hybridization efficiency.’2° On the basis of the
“nearest-neighbor model” of azobenzene-incorporated
DNA duplex formation,®® a full thermodynamic de-
scription has been presented and successfully used
to predict the melting temperature of azobenzene-
incorporated DNA duplexes. Under visible light, the
trans-form of azobenzene facilitates DNA duplex bind-
ing, and the longer toehold within the S2 anchorage
mediates the directional motion of walker from S1 to
S2 site. In contrast, UV light irradiation induces the
trans-to-cis isomerization of azobenzene and reduces
the length of the available toehold within the S2
anchorage site to reverse the direction of motion (S2
to S1).

Using locomotion from S2 to S1 as an example, the
assumption was experimentally tested. The walker
was specifically positioned on the S2 site through
separately prepared T(track)—S1 and S2—W(walker)
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Figure 1. Principle of the DNA-based walking device. Walker, anchorage sites, and track form the walking system through
self-assembly; the locomotion of the walker is realized through toehold-mediated strand displacement. (a) Visible light
irradiation (azobenzene, trans) triggers walker motion in the direction of S1 — S3; (b) UV light (azobenzene, cis) induces the
reverse movement of S3 — S1 (domains a, b, ¢, and d are complementary to a’, b/, ¢/, and d’, respectively).

conjugates (Figure S1 in the Supporting Information).
Mixing the conjugates immediately prior to light irra-
diation ensured that the $2 anchorage would be the
initiating site (the largest distribution binding position)
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for the walker. Indeed, consistent with our expectation,
directional walking pathways, that is, ST — S2 under
visible light (azobenzene trans) and $2 — S1 under UV
light (azobenzene cis), were observed (Figure 2). When
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Figure 2. Progressive and reversible walking demonstrated by FRET assay. Dabcyl (quencher, star)-labeled walker moves on
the anchorage site labeled with fluorophore TAMRA (circle) and FAM (triangle). Fluorescence intensity (515 nm for FAM, A, =
488 nm; 580 nm for TAMRA, 1., = 550 nm) was monitored during (a) S1 — S2 locomotion (continuous visible irradiation),
(b) S2 — S1 locomotion (visible irradiation for 1000 s followed by UV irradiation), and (c) reversible movement of the walker

during the alternate period of UV and visible irradiation.

initiated at the S2 site, W was expected to stay under
the visible light, instead of stepping onto the S1 site.
Following the expected motional mode, irradiation for
the first 1000 s with visible light (450 nm, Figure 2b) did
not have a great effect on the fluorescence from either
FAM or TAMRA; however, UV light irradiation (365 nm)
immediately initiated the quenching of the FAM signal
and the recovery of TAMRA fluorescence.

As the control, it was demonstrated that the same
UV light does not affect the fluorescence signal of
either dye (data not shown); the fluorescence change
was indeed associated with locomotion of the walker
from the S2 to S1 site. In another control experiment,
we demonstrated that the free anchorage site (with the
same legs as S2) under the same conditions would not
disturb migration of the walker between S1 and S2 along
the track (Figure S3 in the Supporting Information). This
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observation is important in proving that the DNA
walker remains attached to the same track during
the entire operation. Such “processive” locomotion®
prevents formation of a “bridge” between two tracks
and forces the walker to move a longer distance along
the track.

The reversible movement of the walker along this
photocontrollable track was also verified. As shown in
Figure 2c, by alternating the wavelength of light (450
or 365 nm), the direction of locomotion was switched
accordingly. At the end of each cycle of light irradia-
tion, the device can be reset, and the walker is able to
repeatedly perform similar mechanical motion. It is
noteworthy that such reversible locomotion cannot
be achieved by movements based on the above-
mentioned “burnt-bridge” mechanism whereby the
track is irreversibly damaged during passage. Furthermore,
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Figure 3. Programmed control of route selection at a junction. Left turn (S0 — S1) was achieved under UV lightirradiation, and
right turn (SO — S2) was induced by visible light. The fractions of the walker (labeled with Dabcyl, star) moving toward S2
(labeled with TAMRA, circle) or S1 (labeled with FAM, triangle) were monitored based on the fluorescence intensity change

and further calculated using a standard calibration curve.

no waste molecules (neither DNA duplex27’28 nor
chemical triggers?®*>°) accumulate during the reversi-
ble operation, an important consideration for the con-
tinuous long-term usage of the walking device.

When given a selection of routes in multipath
systems, DNA walkers based on the burnt-bridge
mechanism will lose control of direction, with equal
chance of moving on either path. This difficulty is
viewed as one of main challenges for active DNA
nanostructures.'®'3? However, we have demon-
strated that route selection can be easily achieved in
this azobenzene-modified walking device via irradia-
tion with different wavelengths of light. As shown in
Figure 3, a SO anchorage site was introduced between
the above-mentioned S1 and S2 sites, as the initiating
binding site (crossing point) for the walker. When
irradiated with visible light, after 50 min incubation,
ca. 94% of the walker strands move to the S2 site
(longer toehold and faster, more stable binding) and
only 6% of the strands bind to S1. In another study,
under UV light, as expected, more walker strands
turned to the S1 site (69% at equilibrium) compared
with S2 (31%, see Figure S4 in the Supporting
Information). With UV light irradiation, it was also
proven that (1) it takes longer for walkers to choose
the route and (2) the final walker strand distribution is
less controllable. This result is associated with the fact
that a smaller toehold length difference (comparing
that between S1 and SO sites with that of between S2
and S0) can result in a longer time to reach equilibrium
and a smaller equilibrium constant.'®*° Potentially,
this process could be further optimized by varying
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the numbers of toehold nucleotides and azobenzenes
in the anchorage sites.

Finally, we wanted to prove that movement over a
longer distance can be achieved by logical program-
ming of the anchorage sites. As an example, a S2*
anchorage site was introduced between S1 and S3
sites (with the same extender segments as S2, Materi-
als and Methods), with the distance from each site as
7 nm (Figure 4a). With visible irradiation, $2* has a 10 nt
long segment between S1 (7 nt) and S3 (14 nt) to bind
with the walker's searching leg. The toehold length
difference mediates the movement in the direction of
S1— S2* — S3. Moreover, these three anchorage sites
were designed with various numbers of azobenzene
moieties: 0, 3, and 9 for S1, $2%, and S3, respectively.
These numbers were selected so that the binding
strength with the DNA walker followed the order of
S1 > S2* > S3 under UV light®® because trans-to-cis
isomerization of the azobenzene moieties results in a
different degree of change to the three sites. On the
basis of the switched toehold length and dynamic
binding affinity, the walker should preferentially move
in the direction of S3 — S2* — S1, reversing the
previous movement.

As demonstrated from the fluorescence measure-
ments (Figure 4), when walking was initiated at the S1
site (visible light irradiation), about an hour on average
was required to pass through TAMRA-modified S2*
(minimum fluorescence) and further move on to the S3
site (recovered TAMRA fluorescence). Under UV light
irradiation, the reverse motion was demonstrated,
starting from the S3 site, passing through S2*
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Figure 4. Progressive operation of the walker on a three-step track. Motion was demonstrated in the direction of S1 — S2* —
S3 under visible light, and it was reversed to follow the S3 — S2* — S1 direction with UV irradiation. Fluorescence intensity was
monitored at 515 nm for FAM (triangle)-labeled S1 site (1., = 488 nm) and at 580 nm for TAMRA (circle)-labeled S1* site (¢, =

550 nm).

(minimum TAMRA fluorescence), and finally reaching
the S1 destination (recovered TAMRA fluorescence),
proving that the walker can move in either direction
along a prescriptive photoswitchable track.

CONCLUSIONS

On the basis of the isomerization of azobenzene
moieties and toehold-mediated strand displacement,
we have designed a light-controlled DNA walking
device that can move to either end of the oligonucleo-
tide track, and the direction of motion can be switched
using different wavelengths of light. Compared with
other reported DNA walkers,> "7 this new strategy
not only preserves the autonomous and controllable
movement but also provides a reusable track, making it
feasible to reset the device after the complete trip, as

MATERIALS AND METHODS

Oligonudeotides. All oligonucleotides were synthesized using
an ABI 3400 DNA synthesizer (Applied Biosystems, Inc., Foster
City, CA). The DNA sequences employed in this study: Track
Ty 2+ 3:5'-ACC ATC TGT GGC ATA GCA GCG AGT ATC TAA CGC
ATG GAA GCG TCG ATC TTG AGC ATT GGA GCG-3'; Ty _o_2: 5~
AGT ATC TAA CGC ATG GAA GCG ACC ATC TGT GGC ATA GCA
GCG TCG ATC TTG AGC ATT GGA GCG-3; T1_2: 5'-AGT ATC TAA
CGC ATG GAA TCG ATC TTG AGC ATT GGA GCG-3'; Anchorage
site $0: 5'-GTC CGA ATC AGC ACT TTC GCT GCT ATG CCA CAG
ATG GT-3’; $1: 5'-GTC ACT CTTGTC CGA ATC AGC ACT-FAM-TTC
GCT CCA ATG CTC AAG ATC GA-3; §2: 5'-CA-Z-TT-Z-GG-Z-AG-Z-
TC-Z-AC-Z-TC-Z-TT-Z-GT-Z-C CGA ATC AGC ACT-TAMRA-TTC
GCT TCC ATG CGT TAG ATA CT-3'; S2*: 5'-GG-Z-AG-Z-TC-Z-
ACT CTTGTC CGA ATC AGC ACT-TAMRA-TTC GCT TCC ATG CGT
TAG ATA CT-3'; $3: 5'-CA-Z-TT-Z-GG-Z-AG-Z-TC-Z-AC-Z-TC-Z-
TT-Z-GT-Z-C CGA ATC AGC ACT TTC GCT GCT ATG CCA CAG
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observed in nature for kinesin and myosin."? So far,
the rate and step number of this device are still
limited, which might be due to the imperfect photo-
isomerization efficiency of the azobenzene moieties.
However, the principle of photoisomerization-induced
toehold length switching could be further used in
designing other autonomous DNA-based walking de-
vices, where sequential and controllable release of the
toehold is required.®2~"" Moreover, as the first study
(based on our knowledge) of using photoswitchable
molecules for alternating the DNA toehold binding
regions, this system can be employed for external
control of the route selection in multipathway systems,
such as “crossing” or “T junction”, for more advanced
walking devices that can rival molecular motors in
nature.

ATG GT-3'; Walker W: 5'-Dabcyl-AGT GCT GAT TCG GAC AGG
CTA GCT ACA ACG AGA GTG ACT CCA ATG-3' (T,_5 = track to
arrange anchorage site in the order of $1—52; Z = azobenzene-
modified position in the anchorage site).

Manipulation of the Walking System. Using S3 — $2* —S1 as an
example, the formation of the walking system was as follows. After
separate annealing (95—10 °C, over 20 min) in 25 mM Tris buffer
(pH 7.5, containing 50 mM NaCl and 5 mM MgCl,), T—S1—S2* and
S3—W conjugates were mixed to give a final concentration for each
sequence of 0.1 uM, and the sample was irradiated with eithera 6 W
portable UV lamp (60 Hz with center wavelength at 365 nm and
measured light source power around 0.2 mW) or a table lamp
(60 Hz, 120 V, with 60 W bulb and measured light source power
30 mW). The irradiation power employed was measured using a
power meter (Newport Corp., Irvine, CA). During irradiation, the
temperature of the sample was maintained at 23.0 °C using a water
bath (ThermoNESLAB Inc.). After a series of irradiation times, the
samples were removed and subjected to FRET experiments.
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FRET Measurements. A FluoroMax-4 spectrofluorometer with a
temperature controller (Jobin Yvon) was used for all steady-
state fluorescence measurements. After a series of irradiation
time periods, fluorescence intensities at 515 nm (FAM, Ay =
488 nm; slit number =5 nm, 0.2 s integration time) and 580 nm
(TAMRA, Aex = 550 nm; slit number = 5 nm, 0.2 s integration
time) were recorded, with temperature controlled at 23 °C.

Native PAGE Analysis. The binding and three-dimensional
structures of the DNA walking system were observed using
native PAGE gel. Normally, the gel was run in 8—10% acrylamide
(containing 19/1 acrylamide/bisacrylamide) solution with 1x
TBE/15 mM Mg2+ buffer, at 100 V constant voltage for 1 h (4 °C).
After that, the gel was stained 30 min using Stains-All (Sigma-
Aldrich) to image the position of DNA. Photographic images
were obtained under visible light with a digital camera.
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