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ABSTRACT: We present a synthetic nanoscale piston that uses chemical energy to

perform molecular transport against an applied bias. Such a device comprises a 13 by
S nm protein cylinder, embedded in a biological membrane enclosing a single-
stranded DNA (ssDNA) rod. Hybridization with DNA cargo rigidifies the rod,

allowing for transport of a selected DNA molecule across the nanopore. A strand
displacement reaction from ssDNA fuel on the other side of the membrane then
liberates the DNA cargo back into solution and regenerates the initial configuration.
The entropic penalty of ssDNA confinement inside the nanopore drives DNA
transport regardless of the applied bias. Multiple automated and reciprocating cycles
are observed, in which the DNA piston moves through the 10 nm length of the
nanopore. In every cycle, a single DNA molecule is transported across the nanopore
against an external bias force, which is the hallmark of biological transporters.
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B INTRODUCTION and larger nanostructures, such as those made by biological
polymers. This is because, compared to small organic molecules,
polymers allow building larger nanomachines, which can deal
better with design complexity. Moreover, nanostructures made
by several soft interactions allow a more efficient dissipation of
the thermal energy, which is one of the main challenges when
building at the nanoscale. Nucleic acids are emerging as an ideal
building material in nanotechnology, because their self-assembly
can be programmed by following the predictability of Watson—
Crick interactions; moreover, strand displacement reactions
allow the remodeling of the energy landscape of DNA
nanostructures. The list of achievements using DNA nano-
machines include programmable walkers'”"> and molecular
synthesizers.'® Such systems can perform autonomous and
isothermal operations; however, they differ from biological
machines, as they have only been shown to operate in one cycle.

Synthetic transmembrane devices that combine the modu-
larity of DNA nanotechnology with the precise engineering and
chemical diversity of natural proteins have been designed.
Examples include a protein nanopore decorated with DNA
arms, that facilitated the passive transport a DNA cargo across a
membrane using single-stranded DNA (ssDNA) as fuel,'” a
nanopore that moved a DNA-PEG thread with the combined

Biological molecular devices have long been a constant source of
inspiration for scientists, and much effort has been devoted to
buildin§ molecular machines that mimic their natural counter-
part,' ™" or to adding new functions in existing biological
systems.” Another interesting area of research is the
reproduction of macroscopic functions at the nanoscale.”’
Initial efforts to reproduce machine-like behavior with synthetic
systems focused on using organic chemistry to make interlocked
systems, such as rotaxanes (dumbbell-shaped molecules,
threaded through macrocycles), which are crucial elements of
many biological machines, including ATP synthases and
bacterial flagellar motors. Synthetic interlocked systems have
been made to work as molecular shuttles, where multiple states
are stochastically sampled, or molecular switches, where
interconversion between states is controlled by applying an
external stimulus.” Artificial interlocked systems with remark-
able machine-like behaviors have also been described.””"’
Applying these, and other synthetic principles, complex
molecular machines have been prepared that undergo transla-
tional motions or rotations operated upon by external stimuli
such as light, pH change or oxidation/ reduction.'”"® However,
an important characteristic of a biological molecular machine is
its ability of using chemical fuels to autonomously and
repeatedly cycle through asymmetric nanomechanical states
while continuously transducing potential chemical energy into
work, as long as the fuel is present.8 And, making such synthetic
systems has proven more challenging.

The introduction of autonomous actuation and reciprocation
in a synthetic machine will most likely require switching to softer
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Figure 1. Rotaxane formation. (a) Molecular components of rotaxane-ds: ssDNA (ssDNA 1, green, and ssDNA 2, purple, in cis; and ssDNA 3, red, in
trans) and neutravidin (NA, cis and trans, orange) molecules are used to form the rotaxane. (b) Atomistic representation and (c) current trace of
rotaxane assembly inside ClyA. From the open pore (i) at positive voltage, the ssDNA 1/ssDNA 2/NA complex remains trapped in pore (ii). By
reversing the voltage, the system returns to the open-pore state (i). When NA and ssDNA 3 are added to the trans side at positive voltage, hybridization
with the ssDNA 1 overhang leads to the formation of rotaxane-ds (iii). This is permanently trapped in the nanopore, as revealed by inverting the
voltage (iv). The horizontal gray and red lines underneath the current traces correspond to the open-pore and blocked currents, respectively, measured
at +100 mV and —100 mV, proving the formation of the rotaxane. (d) I-V plots for the open pore (gray) and rotaxane-ds (red). The electrical
recordings were carried out in 2 M NaCl, 15 mM Tris-HCI, pH 7.5 at 22 °C. Data were recorded by applying a 10 kHz low-pass Bessel filter, and using a

20 ps (50 kHz) sampling rate. Images were rendered using VMD.*®

action of an ATP-powered DNA polymerase and a strand
displacement reaction,'® and a molecular hopper that could
directionally move DNA cargos in an electric field."” However,
despite the fact that a reciprocating nanoscale motion was
achieved, the transmembrane bias was crucial to dictate the

direction and molecular actuation.
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In this work, we have built a fully synthetic nanoscale device
that uses the free energy of DNA hybridization through strand
displacement to actively transport a DNA molecule across a
membrane against a transmembrane potential. To the best of
our knowledge this is the first synthetic device with such
characteristics. Insights about the underlying operating principle
are obtained from molecular dynamics simulations, which
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Figure 2. Entropic piston cycles. (a) Current traces showing the nanopiston cycling between the rotaxane-ds (purple) and rotaxane-ss (green)
conformations, under a constant bias of —20 mV (top) and —20 mV (bottom) bias. The transition is induced through hybridization with the fuel and
cargo in the trans and cis chambers. The gray horizontal lines indicate the average currents in rotaxane-ds and rotaxane-ss, labeled with Ld and Ls,
respectively. Note that, the analysis of the rotaxane-ss current at —20 mV reveals two sublevels, Ls1 and Ls2 (see Section S6). (b) Schematic
representation of the proposed states involved in a full cycle. The top and bottom states are the likely short-lived intermediate states (indicated by an
asterisk). The electrical recordings were carried out at +20 mV in 2 M NaCl, 15 mM Tris-HCI, pH 7.5 at 22 °C. Data were recorded by applying a 2 kHz
low-pass Bessel filter, using a 100 us (10 kHz) sampling rate.
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Figure 3. Center: Representative conformations obtained from coarse-grained simulations of rotaxane-ds (left) and -ss (right) at zero bias (for model
details see Section $4). The color coding follows that of Figures 1 and 2: dsDNA is represented as a sequence of beads with alternating green and purple
beads, matching those of the two constituent strands. Side graphs: Histograms indicating the position (see eq S1) of the two neutravidins (C and T,
orange), together with the ssDNA overhang (O, purple) and ssDNA/dsDNA interface (I, green), for rotaxane-ds (left) and rotaxane-ss (right). The
average values of these positions are indicated by the colored horizontal lines. The simulations indicate that the ssDNA overhang in rotaxane-ss and
ssDNA/dsDNA interface in rotaxane-ds are exposed to the trans solutions. Images were rendered using VMD.>*

suggest that the piston takes advantage of the entropic difference
between the nanoscale confinement of ssDNA and double-
stranded DNA (dsDNA) inside the nanopore. This device can
perform several reciprocating cycles of actuation, and can
transport DNA against the applied potential, hence truly
operating as a natural molecular machine.

B RESULTS

The main building block of the nanopiston is the bacterial
transmembrane protein Cytolysin A (ClyA).”>*" Here we use
ClyA-AS®* a modified version engineered for nanopore
analysis.”> ™" The lumen of ClyA (5.5 nm diameter) and
narrower constriction (3.3 nm diameter, Figure 1) allow the
entry and translocation of dsDNA under an applied
potential.'”*> By contrast, ssDNA cannot efficiently enter the
nanopore,'** an effect most likely due to the high entropic
energy required to confine ssDNA inside the nanopore.” We
constructed rotaxanes using a DNA thread interposed between
two neutravidin stoppers, which was trapped within a ClyA
nanopore. The rotaxane is built from three ssDNA sequences:
ssDNA 1, ssDNA 2, and ssDNA 3 and two neutravidin stoppers
(Figure 1a, b). Neutravidin (0.5 M), ssDNA 1 (5'-biotinylated,
100 bases, 1.2 uM) and ssDNA 2 (80 bases, 1 M) were added
to the cis solution. The last 70 bases of ssDNA 2 are
complementary to the first 70 bases of ssDNA 1 (Table S1),
hence a complex with neutravidin on one end, a 70-base dsDNA
and two ssDNA overhangs on the other end is formed. This
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complex is captured by the nanopore at +100 mV (where a
positive applied potential drives the DNA from the cis toward
the trans side) and remains trapped indefinitely, until the
potential is reversed and the open-pore current restored (Figure
1c). While keeping the potential at +100 mV, the addition to the
trans side of neutravidin (1 M) and ssDNA 3 (3'-biotinylated,
20 bases, 2 uM), complementary to the last ten bases of the
ssDNA 1 overhang of the trapped thread, completes the
rotaxane by hybridization. We refer to this complex as rotaxane-
ds, as it is predominantly formed by dsDNA, with a short flexible
ssDNA connection and an ssDNA overhang. By reversing the
potential after the formation of rotaxane-ds, the open-pore
current cannot be recovered, indicating that rotaxane-ds is
permanently trapped within the pore (Figure 1c). Both open
pore and rotaxane-ds have linear current—voltage (IV) relation-
ships in the range +100 mV (Figure 1d), from the slope of which
the nanopore conductance can be calculated: 14.3 + 0.6 nS for
the open pore and 9.39 + 0.68 nS for rotaxane-ds as the DNA
inside the pore reduces the ionic flow through it.

Once rotaxane-ds is formed, the addition of ssDNA 4 (0.5
UM) to the trans chamber, which is fully complementary to
ssDNA 2, induces the displacement of the latter in trans via a
strand displacement reaction, using the ssDNA 2 overhang as a
toehold (Figure 2). During the strand displacement reaction, the
cis neutravidin is transiently pushed toward the trans side, most
likely entering the lumen of the nanopore (see Section S3).
Indeed, previous studies have shown that avidin can enter the cis
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lumen of ClyA but cannot translocate through the nanopore.”*

After the removal of ssDNA 2, a new configuration is obtained,
in which ssDNA 1 and ssDNA 3 remain trapped within the pore.
This configuration consists of a 90-base-ssDNA thread on the cis
end, a 10-basepair-dsDNA stretch on the trans side, and
neutravidin on both sides of the pore (Figure 2). We refer to this
configuration as rotaxane-ss. When ssDNA 4b, a ssDNA
molecule that is only complementary to the first 60 bases of
ssDNA 2, was added to the trans side, rotaxane-ss could not
form (Figure S1), indicating that a strand reaction is required to
transition from rotaxane-ds to rotaxane-ss.

The ionic current of rotaxane-ss (I,., = 64.5 + 0.6% at +20
mV) is lower than the blocked current of rotaxane-ds (I,., = 68.4
+ 0.5% at +20 mV, Figure 2a), most likely reflecting the coiled
structure of ssDNA inside the nanopore (Figure 2). When
ssDNA 4 fuel alone is added to the trans chamber, a single strand
displacement reaction with ssDNA2 takes place, and the system
remains in the rotaxane-ss state indefinitely (Figure 2a and
Figure S2). Similar states are observed at —20 mV, although the
current blockades were slightly different (., = 64.0 + 1.5% and
66.8 + 0.4% for rotaxane-ss and rotaxane-ds, respectively),
reflecting the asymmetric structure of the two rotaxanes (Figure
2e, see the Supporting Information). The subsequent addition of
0.5 uM of ssDNA 2 cargo to the cis side restores rotaxane-ds, as
ssDNA 2 hybridizes with the thread of rotaxane-ss. Under
multiple turnover conditions (i.e., 0.5 uM of ssDNA 4 fuel in
trans and 0.5 M of ssDNA 2 cargo in cis) several current cycles
were observed, corresponding to the swapping between the two
rotaxanes: ds — ss = ds — ss —--- These cycles were found to be
both at positive, + 20 mV (Figure 2a, top trace), + SO mV and
+100 mV (Figure S3), and negative, — 20 mV (Figure 2a,
bottom trace), biases. Higher negative applied potentials (e.g,,
—50 mV, Figure S3) prevented the cycling. Furthermore, the
cycles were faster at positive than at negative applied potentials,
but were slower as the potential was increased. This voltage
dependency can be explained by toehold sequestering inside the
nanopore (Section S2 for a kinetic and mechanistic description
of the cycles). After each cycle, one cargo molecule is
transported from cis to trans and one fuel molecule is expended
(Figure 2).

We performed a series of coarse-grained molecular dynamics
simulations to investigate the typical conformations of
rotaxanes-ds and ss at zero bias. This approach is justified by
the long time scales of interest, and the high salt concentration of
the solution (2 M KCl). A numerical analysis of the electrostatic
energies, using the Poisson—Boltzmann equations, indeed
indicates that electrostatic DNA-nanopore interactions are
weak and repulsive (Figures S4 and S5 in Section S8). These
interactions were accounted for by properly adjusting the
dimensions of the pore (Figure S6). Moreover, the fact that the
piston operates at both positive and negative applied bias
suggests that the electrophoretic bias is not necessary for its
functioning. Indeed, simulations indicate that entropy plays a
more central role. Rotaxane-ds has two, 10-base-long, ssDNA
fragments. One is the 5’ overhang that is used as toehold for the
strand displacement reaction, the other is the ssDNA connecting
the two rigid dsDNA fragments (Figure 3a). Simulations show
that, even at zero bias, entropic forces push rotaxane-ds toward
the trans chamber, with the cis neutravidin remaining, on
average, at a distance of S nm from the pore entry (Figure 3).
The hinge and toehold stay outside of the trans pore entry
because positioning of the flexible hinge inside the pore would
greatly suppress the conformational fluctuations of the molecule.
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Under these conditions, the toehold is accessible for the strand
displacement reaction. Rotaxane-ss shows larger conformational
fluctuations, because of its long flexible ssDNA part. Nonethe-
less, the simulations indicate that the dsDNA segment remains
outside of the nanopore on the trans side. At the same time, the
ssDNA end of rotaxane-ss stretches out toward the cis side
(Figure 3) and is accessible for hybridization with ssDNA 2.
Thus, during the formation of the rotaxane-ds, the entropic
penalty of keeping two ssDNA stretches inside the nanopore
drives the transport of the ssDNA 2 toehold toward the trans
side, even against an applied potential. Then a strand
displacement reaction reforms rotaxane-ss, which leads to a
second entropy-driven shift that pushes the ssDNA thread
toward the cis side (i.e., an upward displacement of the piston,
see Movie S1). The crucial role of entropy has also been
demonstrated in another class of rotaxanes, composed of
dsDNA and ssDNA of varying lengths (see Section S7 and
Movie S2).

B CONCLUSION

Many transmembrane biological systems use an interlocked
architecture and channel the free energy of a chemical gradient
to power molecular motion or to transport molecules. For
example, the bacterial flagella motor and the F,F, rotary ATP
synthase rotary motor possess a transmembrane rotaxane-like
architecture that convert a transmembrane proton gradient into
unidirectional motion®® or to synthesize ATP,*® respectively.
Here, we describe a molecular device made of a DNA-
neutravidin piston enclosed into a protein nanopore cylinder,
which is based upon a new operating principle. A strand
displacement reaction induces a power stroke, which moves the
piston ~10 nm in the cis-to-trans direction (Figure 2). This
leaves the rotaxane at a low-entropy state, which provides a
recovery stroke to move the piston back to the cis solution. The
hybridization with a ssDNA strand in solution recovers the
initial configuration (Figure 2). Hence, unidirectional molecular
motion is obtained by focusing the free energy of DNA
hybridization inside the nanopore cylinder and by exploiting the
different entropy of nanoscale confinement. During each cycle of
the nanopiston, a ssDNA molecule is transported from the cis to
the trans compartment through the nanopore. This device can
operate at positive and negative applied potentials, indicating
that the free energy of DNA hybridization allows moving DNA
against an external bias force, which is the hallmark of biological
active transporters.

B METHODS

All DNA was purchased from Integrated DNA Technologies
(IDT). Double-stranded DNA was formed by incubation of the
complementary strands at 95 °C for 1 h and then letting it cool
down overnight. ClyA nanopores were expressed and purified, as
described in detail before.””

Single-Channel Recording. A planar lipid bilayer was
formed with DPhPC (1,2-diphytanoyl-sn-glycero-3-phospho-
choline) lipids across two chambers filled with buffer (2 M
NaCl, 15 mM Tris-HCl, pH 7.5). A detailed explanation of this
technique and the equipment used in this work has been
described before.”” Next, 0.01—0.1 ng mL™' of the ClyA
oligomers were added to the electrophysiology chamber to
obtain single channels. The signal was collected at a sampling
rate of 50 kHz after processing with a 10 kHz Bessel filter. The
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length of each step of the cycle was collected manually and
expressed as the median values =+ the standard error of the mean.

B ASSOCIATED CONTENT
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List of the DNA sequences used in this work, a detailed
explanation of the nanopiston cycles including a table of
free energy of DNA hybridization, an explanation of the
transient states during the cycling, a physical analysis of
the current fluctuations, additional experiments with
mixed rotaxanes, and additional figures (PDF)

Movie S1, showing the states of rotaxane-ds and rotaxane-
ss before and after a strand displacement reaction (MP4)

Movie S2, demonstrating the crucial role of entropy in
another class of rotaxanes composed of dsDNA and
ssDNA of varying lengths (MP4)
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