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DNA nanotechnology is an emerging scientific discipline that
attracts substantial research effort and holds great promise for
nanomedicine!'’ and bioengineering,? sensor applications,”!
programmed synthesis,'* the fabrication of nanodevices,” and
the development of computing circuits.”) DNA nanotechnol-
ogy spans the self-assembly of one-, two-, and three-dimen-
sional nanostructures,”® the use of DNA nanostructures as
scaffolds for the organization of proteins®” and the activation
of enzyme cascades,'” the synthesis of nucleic acid metal
nanoclusters or semiconductor hybrids for sensing,'! the use
of DNA as a template for the bottom-up synthesis of
nanocircuits and nanodevices, and the use of DNA nano-
structures as supramolecular machines.'” Ingenious nano-
structures that mimic the functions of “tweezers”,” “walk-
ers”, ¥ “steppers”,”! “gears”,l®! and morel'” have been
developed. The strand-displacement principle or other exter-
nal stimuli, such as metal ions or a change in pH value, were
used to drive the DNA machines. In the present study, we
describe the assembly of a DNA nanostructure that acts as
a transporter. The programmed circular (clockwise or anti-
clockwise) uptake and transport of a molecular DNA unit
(molecular cargo) across three predefined sites (states) is
demonstrated by using the strand-displacement principle. In
addition to the unique DNA machinery functions of the
nanostructure, the device behaves as a finite-state automaton.
Previous studies described DNA-protein automata, and the
advantages of all-DNA automata were addressed theoret-
ically."™ In a previous study, we demonstrated that a mixture
of three “tweezers” led to a switchable automaton in the
presence of three input/anti-input signals."”! However, it
would be challenging and intriguing to construct programmed
devices with such a system. In the present study, we show that
a single DNA machine operates as a programmed automaton
device. We have demonstrated that the transition rules
between states could be controlled by using three different
programs, each corresponding to a molecular cargo. As the
DNA machines operated logically, the “single transporter”
differs from the “three tweezers” system in that the pro-
grammed mechanical automaton was implemented experi-
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mentally, and the programs were switched by dynamic
replacement of one of the components without interference
to the integrity of the entire machine.

The construction of the device is depicted in Figure 1 A. It
consists of a framework (module “I”) that is composed of
a central axis Ax that branches into three units and yields
three footholds A, B, and C. The three branches are
composed of duplex tiles to enhance the rigidity of the
framework and to prevent cross-talk between the nucleic acid
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Figure 1. A) Schematic representation of the DNA transporter consist-
ing of two modules: Module | is composed of a rigid three-arm
framework that includes four single-stranded protruding nucleic acids
that act as a central axis and three footholds. Module Il is composed
of a permanent arm, a mechanical hand, and a programming cargo.
B) Schematic representation of the reversible stepwise programmed
mechanical motion of the molecular cargo across the three footholds
and rest-unlock positions with fuel and anti-fuel strands by using the
strand-displacement principle.
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branches and other nucleic acids in the system (see inset of
module “I”). The second component of the device is the
mechanical element, module “II” which is composed of
a permanent arm Ax’ and a nucleic acid mechanical hand E
that is used to hold the “programming cargo” P,. Since the
unit Ax’ is partially complementary to the central axis, the
mechanical element is fixed to the framework. The sequence
of the programming cargo P, includes the appropriate
instructive information to bind to footholds A, B, or C,
depending on the nucleic acid fuels to which the device is
subjected. Accordingly, hybridization of the mechanical
module to the framework yields the integrated device. The
programming cargo P, includes complementarity to all three
footholds A, B, and C, but the stabilities of the resulting
duplexes are dictated by the relative energetics of the
duplexes between the programming arm P, and the footholds
A, B, and C (in the specific example, the association of P, to
foothold A is energetically favored, see below). Figure 1B
shows the principle of activating the machine. We use six
nucleic acid strands, where three of them, I, I, or I, act as
fuels, and three of them, al,, alg, or al, function as anti-fuels.
The strand-displacement mechanism is used to activate the
machine. The nucleic acid fuels I,, I, and I are comple-
mentary to the footholds A, B, and C, respectively, whereas
the nucleic acid anti-fuels, al,, alg, and al, are complemen-
tary to the nucleic acid fuels 1, Iy, I, respectively, and yield
duplexes I/al; with higher stability than the duplexes formed
between I,, I, or I and the respective footholds. Thus, the
anti-fuels displace 14, I, or I from the respective foothold by
strand displacement. As stated, the programming cargo
exhibits complementarities to the three footholds A, B, and
C with variable stabilities. The energetics of the duplexes that
result upon the hybridization of the nucleic acid fuels with the
respective footholds is, however, always of enhanced stability
as compared to the duplex formed between the programming
cargo and the respective foothold. Thus, the respective nucleic
acid fuel will always displace (through strand displacement)
the programing cargo associated with the respective foothold.
Figure 1B shows schematically the activation of the machine
by the nucleic acid fuels I, I, and I, where the dictated
stabilities of the respective duplexes between P, and the
footholds are P || A >P,||B > P, || C (i.e. AGpgja < AGpyp <
AGyy ). Thus, in the absence of any nucleic acid fuel, the
favored position of the programming cargo P, is on foothold
A (Panel I). In the presence of nucleic acid fuel 1, the cargo
P, is displaced and it moves to foothold B (Panel IT). The
resulting system, when subjected to nucleic acid fuel I, results
in displacement of the cargo P, and its subsequent movement
to foothold C (Panel III). Finally, introduction of nucleic acid
fuel I displaces the cargo P, to a nonbound, free, state that is
linked to the device only by the central axis (Panel IV). The
reverse operation of the machine is activated by adding the
anti-fuels al, alg, or al,. The output of the machine activity is
determined from the fluorescence output (through a fluores-
cence resonance energy transfer (FRET) quenching mecha-
nism). Towards this end, the termini of each of the footholds
A, B, and C are modified with the fluorophores F,, Fg, and F,
respectively. The end of axis Ax is functionalized with
fluorophore F,,. The bridging nucleic acid unit E is function-
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alized at its 3" and 5" ends with Towa Black FQ (Q,) and Iowa
Black RQ (Q,), respectively. These act as black-hole quench-
ers of the luminescence of different fluorophores. Thus, the
precise position of the cargo P, on the respective foothold is
probed by the respective quenching of the fluorophores F,,
Fp, or F, while the quenching of F,, by Q, acts as an internal
unchanged standard that indicates the intact structure of the
machine device (for the fluorescence emission spectra of each
fluorophore, see Figure S1(B) in the Supporting Informa-
tion). Thus, as predicted, the machinery system performs
cyclic logical motions as follows. The system is cycled across
the states Su;, Sas Sas, Sas, and back by the successive
application of the fuels (inputs) I, I, and I, and the
respective anti-fuels (anti-inputs) al., alz, and al, (Fig-
ure 2A). The system can adapt, however, to include more
states, since instead of the successive application of the three
fuels and then anti-fuels, the device can be subjected to
alternate fuels and anti-fuels. For example, the treatment of
S,; with I yields state S, the treatment of S,; with alp, yields
state S,; and treatment of S,; with I, or al leads to S5 or the
new state S,q. The different permutations of the fuels and
anti-fuels generate a device that can exist in eight different
states, as outlined in Figure 2A (for the corresponding
configuration of each state, see Figure S2 in the Supporting
Information). (Note that in this figure, the fuel or anti-fuel are
marked on the arrow corresponding to the transition of state
Sai to Sy, or back. The expected fluorescence signal read-out
defining the generated state is shown on the arrow. For
example, in the case of state S,; transformed by I to S,;, the
resulting fluorescence features defining S,; are high F, and
Fpg, and low F( (110).) Here, outputs 0 and 1 are defined by the
quenching and dequenching of the fluorophores, respectively.
It should be noted that the constituents of the system exhibit
four configurations, which exhibit distinct fluorescence pat-
terns. However, these configurations lead to eight different
states, since the paths (inputs) leading to the states are
different. It is the “history” of the generation of the
configuration of the system that is important in defining the
state of the machine. In other words, the fluorescence output
of the system is insufficient to define the state, but the route of
the applied inputs and the fluorescence intensities are crucial
for indentifying the state. Figure 2B depicts the time-depen-
dent fluorescence changes of the four fluorophores F,, Fg, F¢,
and F,x upon transforming the device across the states S,;—
Sa2=Sa37S A4S a3 =S a2 =S a1 Sa7—=S A3 =S A7 S A (the
normalized intensity resulting from the kinetic result is
shown in Figure S2 of the Supporting Information). Note
that the fluorescence of the reference fluorophore F,x is
unchanged during the fuel/anti-fuel transition across the
states, thus implying that the device is retained in an intact
configuration during its operation. The time-dependent
fluorescence changes depicted in Figure 2B represent the
population of the respective configurations of the system
subjected to the respective inputs.

Clearly, the transition yield of the cargo nucleic acid is not
complete, and the resulting fluorescence intensities define the
transfer efficiency. For example, in state S,; generated by the
application of input alc, the population of the transported
cargo on the different footholds corresponds to 83.34% on
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foothold C, 12.4% on foothold A, and 1.7 % on foothold B
(for the method used to calculate the population, see Fig-
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Figure 2. A) Schematic representation of eight possible states of the
mechanical transporter unit using program A, P,. Note that four of
these states are depicted in Figure 1B, but the other states are
generated by the selective blocking of the footholds and a dictated
motion of the transporter (see text). B) Time-dependent fluorescence
change of the fluorophores F,, Fg, and F¢ upon mechanical trans-
formation of the device across sates Sy;—Sa, —Sa3—Sas—Sas—Sp—
Sa1—Sa7—Sa3—Sa7—Sar- C) Normalized fluorescence intensities of Fy,
Fg, and F_ (in the form of bar graphs) for all eight states generated by
program P,, shown in Figure 2A. It should be noted that the
normalized fluorescence intensities also correspond to the percentage
of the respective population of the footholds with the cargo. For the
method used to calculate the normalized fluorescence intensities, see
Figure S1 in the Supporting Information.
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ure Sla in the Supporting Information). Two conclusions can
be derived from these results: 1) The time-dependent fluo-
rescence changes do not exhibit an induction time, proceed on
a time scale of 7/2 =3 min, and are faster than the transition
times in the diffusional three-tweezers system (7/2=
12 min)."! This is consistent with the fact that the transitions
in the transporter system proceed intramolecularly, and are
not controlled by diffusion. 2) In the course of the transition
across the states, slight changes in the fluorescence intensities
of constituents that should exhibit high or low intensity
changes are observed. For example, transition of state S,,
which is characterized by a high fluorescence of F, to state
Sa; upon the addition of alg, results in a slight decrease in the
fluorescence of F. being observed. This is due to a 12%
change in the population of foothold C, due to the change in
the energetics of the respective duplexes in the device. (For
the time-dependent fluorescence changes across the states
Sa1—=Sas—Sas =S4 —=Sa5 =S as—=Sa5s—Sas—Sas—Sa—

Sa6—Sas—Sa6—Sas—Sa1, see Figure S2 in the Supporting
Information.) Figure 2C shows the normalized fluorescence
intensities of the fluorophores F,, Fy, and F( corresponding to
all eight states of the devices (for the calculation of the
normalized intensities, see the Supporting Information). It
should be noted that some of the states, for example S,; and
S A7, exhibit similar fluorescence features. Nonetheless, states
differ in the configuration of their constituents in the device
(single-stranded versus a duplex B foothold). The complexity
of the device may be, however, enhanced by exchanging the
programming cargo P,, which exhibits different orders of
duplex stability toward the footholds A, B, and C. The
displacement is accomplished by a strand displacement of the
programming cargo (e.g. P, by aP,), followed by the hybrid-
ization of the substituting programming cargo to the mechan-
ical hand E (e.g., the hybridization of Py to the mechanical
hand E (Figure 3A). For example, Figure 3A depicts the
substitution of the programming cargo P, (used in Figure 1B)
with the programming cargo Py, which exhibits the duplex
stability order Pg|[B>Pg|[|A>Pg||C (ie. AGpys<
AGypya < AGpyc). Upon sequential application of the nucleic
acid fuels I, I, and I, the respective operation of the
machine configurations is achieved (for the results of the state
transformations upon programming the system with Pg, see
Figure S3 in the Supporting Information). Needless to say,
replacement of Py by a third programming cargo P. that
exhibits the duplex stabilities P-||C>P.||A>P¢||B (ie.
AGypyc < AGpya < AGpyp; also depicted in Figure 3 A) ena-
bles the activation of a third program of the machine (for the
results of the state transformations upon programming the
system with P, see Figure S4 in the Supporting Information).
For example, upon application of the fuel strands I, I, and I,
the system is transformed across the states S¢;—Sc—S—
Scs (see the Supporting Information). It should be noted that
the device when subjected to alternate orders of the fuel and
anti-fuel strands, can adapt to include, as before, eight
different states in the presence of the different programming
cargos (Figure 3B). Thus, the device exhibits the following
features, as presented schematically in Figure 3B: 1) In the
presence of any of the programming cargos P,, Py, or P, a set
of interconvertible states can be generated; 2) the programs
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Figure 3. A) Schematic representation of the three mechanical programs of the transporter generated by reversible substitution of the
programming cargo P, in module Il. B) The map of the eight states of the device generated by three different programs. The corresponding states
and transitions are related by the same color. For example, the device is switchable between redish S,,, Sg, and S¢,, which are all connected to
state i;. C) Time-dependent fluorescence changes of F,, Fg, and F. upon mechanical transformation of the device across the three different
programs: initially program P, followed by programs P. and Pz and back to program P,.

can be reset by the application of the aP, (aP,, aPg, or aP) to
yield the intermediate “neutral” configurations (for details of
the intermediate “neutral” system, see Figure S5 in the
Supporting Information and Figure 3B) that is being trans-
formed to the new program in the presence of the respective
programming cargo. For example, Figure 3 C depicts the time-
dependent fluorescence changes upon transforming the
device across the different programs and the displayed state
(right, starting with S,,;, the normalized intensity shown in
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Figure S6 in the Supporting Information). For the trans-
formation of the device through other selected states, shown
in Figure 3B, see Figure S7 in the Supporting Information. It
should be noted that when the device is subjected to different
programs, it leads to different states upon application of the
same sequence of fuels/anti-fuels. Thus, each of the programs
reflects the different transition rules across the states (for all
the sequences, see Table S1 in the Supporting Information). It
should also be noted that any state in each program can be
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switched to the corresponding state in another program,
regardless of the stage of the machine operation, by displace-
ment of the cargo. (For a detailed description of the
experimental conditions see the Supporting Information.)

In conclusion, the present study has introduced a DNA
transporting device that delivers a DNA strand in a pro-
grammed fashion across different states. Such systems have
promise as nanoscale mechanical carriers and as programmed
devices for programmed synthesis. Besides the nanomachi-
nery application of the device, one could consider the system
as an integrated programmed automaton that activates three
different programs. The automaton reveals two basic fea-
tures: 1) The three programmed automatons can be reset to
the original device (Figure 3B) and reprogrammed to a new
function; 2) the states of the automata are not defined only by
the fluorescent outputs but, also, by the “history” of
generation by the machine.
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