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An Autonomously Reciprocating Transmembrane Nanoactuator
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Abstract: Biological molecular machines operate far from
equilibrium by coupling chemical potential to repeated cycles
of dissipative nanomechanical motion. This principle has been
exploited in supramolecular systems that exhibit true machine
behavior in solution and on surfaces. However, designed
membrane-spanning assemblies developed to date have been
limited to simple switches or stochastic shuttles, and true
machine behavior has remained elusive. Herein, we present
a transmembrane nanoactuator that turns over chemical fuel to
drive autonomous reciprocating (back-and-forth) nanome-
chanical motion. Ratcheted reciprocating motion of a DNA/
PEG copolymer threaded through a single a-hemolysin pore
was induced by a combination of DNA strand displacement
processes and enzyme-catalyzed reactions. Ion-current record-
ings revealed saw-tooth patterns, indicating that the assemblies
operated in autonomous, asymmetric cycles of conformational
change at rates of up to one cycle per minute.

Efforts to mimic the nanomechanical motions of natural
molecular machines have developed from two-state switch-
able molecules to mechanically interlocked supramolecular
systems that may operate free in solution or anchored to
a surface.[1] The realization of emergent behavior in such
compartmentalized systems that operate “far from equilibri-
um” is an important step in developing a degree of control
over matter comparable to that seen in living systems.[1a,g,2]

DNA-based[3] and wholly synthetic shuttles and walkers that
mimic the processivity of polymerases[4] and even the
ribosome protein factory have been demonstrated.[5] Repet-
itive mechanical cycles in response to photoirradiation or
electrical stimulation have also been achieved,[6] whereas
arrays of molecular shuttles or rotary motors have been
shown to be capable of performing macroscopic work.[7]

Stoddart and co-workers have recently developed a supra-
molecular system in which up to two macrocycles can be
“pumped” onto a molecular thread, forming a mechanically
interlocked rotaxane[8] in response to repeated switching of
the redox conditions.[1g] In nature, lipid membranes facilitate
compartmentalization, allowing potential gradients to be
coupled to cycles of conformational change in membrane-
spanning molecular machines. For example, transmembrane
pumps[9] couple rotational[10] or reciprocating (back-and-
forth) nanomechanical cycles[11] to transmembrane poten-
tials.[11a,12]

Both passive and stimuli-responsive nanomechanical
gating of transmembrane channels has been demonstrated
in synthetic systems[13] and re-engineered nanopore pro-
teins.[14] Similarly, the stochastic walking of a small molecule
bound to the inside of an individual mutant protein pore[15]

and the mediated transport of DNA through a nanopore have
been reported.[16] However, the realization of true machine
behavior[1a,d] (e.g., the autonomous conversion of potential
energy into nanomechanical motion) in a designed trans-
membrane system has yet to be demonstrated.[1c]

Herein, we have constructed a transmembrane supra-
molecular assembly (Figure 1) that operates as a prototypical
transmembrane molecular machine by turning over chemical
fuels to generate reciprocating nanomechanical motion across
a lipid membrane under an applied potential. The nano-
mechanical operation of the device was interrogated at the
single-molecule level by monitoring stepwise changes in the
transmembrane ion current flowing through a nanopore
(Figure 1, Figure 2, and Figure 3).

We sought to integrate the lessons learned from biolog-
ical, synthetic, and DNA-based nanomachines to construct
a transmembrane molecular machine. We prepared a mechan-
ically interlocked transmembrane rotaxane by capturing
a streptavidin-capped DNA–polyethylene glycol (DNA–
PEG) copolymer molecule (from the trans well) inside
a single a-HL nanopore under an applied transmembrane
potential of ¢140 mV (Figure 1a).[17] A single-stranded DNA
primer present on the opposite (grounded) side of the bilayer
was hybridized to the thread sequence protruding from the
pore (Figure 1b). We reasoned that reciprocating (back-and-
forth) nanomechanical motion could be induced in the
captured DNA thread by repeated cycles of enzyme-cata-
lyzed primer degradation followed by strand displacement[18]

(Figure 1b). Hence, stepwise degradation of the rotaxane-
bound primer should result in the movement of the threaded
DNA strand in the direction of the externally applied
transmembrane voltage of + 25 mV, while also exposing
a toehold binding site on the thread strand for an incoming
primer 7 fuel molecule. Strand displacement of the degraded
rotaxane-bound primer by a primer 7 molecule pulls the
threaded DNA strand against the applied field (as the
nanopore is too small to permit the threading of double-
stranded DNA),[19] thereby constituting a power stroke. The
nanomechanical cycle depicted in Figure 1 b mimics biolog-
ical transmembrane machines, which also couple transmem-
brane potentials through repetitious, asymmetric cycles of
nanomechanical conformational change powered by the
turnover of phosphate-based chemical fuels.[20]

It has previously been shown that the movement of
biopolymers threaded through nanopores can be monitored
by studying the stepwise changes in the transmembrane ion
current under an applied potential.[17, 21] DNA blocks the ion
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current more than PEG; thus, in accord with previous works,
a low current was recorded in state 0 (low PEG/DNA ratio),
whereas a high current was observed in state 7 (high PEG/
DNA ratio; Figure 1 c). Furthermore, the ion current can
reveal changes in the nanomechanical state of the assembly
with single-nucleotide resolution (states 1 to 6 in Figure 1c;
see also the Supporting Information Figure S4).[17]

Initial attempts used exonuclease III (Figure S5 a) or
KF(exo-) in the presence of pyrophosphate[22] (P2O7

4¢ ; Fig-
ure S7) to degrade the 3’ end of the rotaxane-bound primer as
part of the cycle shown in Figure 1b. However, the corre-
sponding ion-current recordings did not yield the desired
behavior (see Figures S5b, S8 and the associated discussion).
Pleasingly, the addition of Mn2+ to the reaction buffer and the
replacement of P2O7

4¢ with V2O7
4¢ in the presence of DNA

polymerase allowed true machine behavior to be realized in
the transmembrane assembly.

The autonomous operation of the nanomechanical cycle
was monitored in a single transmembrane rotaxane under
these conditions and revealed a saw-tooth pattern in the
transmembrane ion current (Figure 2) that mirrored the

changes in the potential energy landscape of the
assembly (Figure 1d). Five cycles composed of 24
nanomechanical state changes over five minutes of
operation were observed owing to changes in the
DNA/PEG ratio threaded through the pore, com-
mensurate with changes in primer length. The ion-
current traces indicate that the bases were removed
from the rotaxane-bound primer in a stepwise
fashion by DNA polymerase catalyzed pyrovana-
dolysis (downward steps in Figure 2a, iv; Fig-
ure S12).[23] It should be noted that the overhanging
3’ end of the thread strand is not a substrate for
DNA polymerase, precluding its undesirable deg-
radation. Consistent with previous observations,[17]

the binding of DNA polymerase to the 3’ end of the
rotaxane-bound primer also resulted in transient
spikes in the current signal (Figure 2a, iii) owing to
changes in the PEG/DNA ratio threaded through
the pore. Power strokes owing to strand displace-
ment of the degraded primer at the end of each
nanomechanical cycle resulted in large upward
steps in the ion current as the assembly was
returned to the initial state (Figure 2a, ii).

Data collated from 17 cycles across four experi-
ments (Figure S13) revealed the most common
dwell time in each state as approximately 15 sec-
onds (Figure 3a). Base removal by pyrovanadolysis
usually proceeded base by base, although up to four
bases were occasionally removed during a single
enzyme-binding event (Figure 3b). Furthermore,
most power strokes occurred after the primer
strand had been degraded by seven bases (Fig-
ure 3 c). However, the kinetics of strand displace-
ment were not tightly coupled to the kinetics of
primer degradation, and thus it was possible for the
primer to be degraded beyond state 0 before strand
displacement occurred, or for the power stroke to
occur prematurely. Examples of such events can be

seen in Figure S13 (top, displacement from state ¢1) and the
third cycle shown in Figure 2a (displacement from state 1).
Transient spikes as the current briefly returned to state 7 were
also observed. These likely correspond to toehold-binding
events without strand displacement (Figure 2a, i and Fig-
ure S13). There were 15 failed compared to 16 successful
strand displacements across the 17 cycles studied. Indeed,
such non-ideal behavior is characteristic of natural biological
molecular machines,[1c] and to be expected when observing
any molecular machine at the single-molecule level; 33 % of
the steps exhibited by ATP synthase under a proton gradient
are retrograde,[24] whereas single-base mutations introduced
by DNA polymerases during DNA replication may approach
5% in the absence of subsequent proof-reading processes.[25]

Our nanomechanical device constitutes a true machine
that operates by an information ratchet mechanism,[1a, 26] as
strand displacement can only occur after primer degradation
has revealed a long enough region of the thread to serve as
a toehold for the incoming fuel strand.[18a] Strand displace-
ment actuates the threaded DNA–PEG copolymer by
approximately 2.4 nm (seven bases of ca. 0.34 nm each) plus

Figure 1. a) Experimental setup and transmembrane rotaxane assembly. A DNA–
PEG copolymer strand was threaded from the trans well under a transmembrane
potential of ¢140 mV into a single a-hemolysin (a-HL) protein nanopore inserted
in a lipid bilayer. The voltage was reduced to ¢28 mV to allow a primer present on
the opposite side of the bilayer (in the cis well) to form the interlocked assembly.
The structures and sequences of the DNA strands are given in the Supporting
Information. b) Asymmetric nanomechanical cycle obtained under an applied
potential of + 25 mV with respect to the ground electrode, in which an enzyme
(yellow) degrades the primer to reveal a toehold binding site on the thread strand
for an incoming primer 7 fuel strand. Subsequent DNA strand invasion and
displacement of the degraded primer by the primer 7 fuel constitutes a power
stroke that pulls the thread against the applied potential, completing the nano-
mechanical cycle. c) The ion current flowing through the nanopore was dependent
on the length of the primer at a potential of + 25 mV owing to the different PEG/
DNA ratios threaded through the pore in each nanomechanical state (DNA blocks
the ion current more than PEG). Intermediate current states were observed for
intermediate primer lengths (Figures 2 and S4). d) Potential energy profile corre-
sponding to the proposed nanomechanical cycle.
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an additional 4 nm owing to the double-stranded region of the
rotaxane in state 7 residing mostly outside the pore vestibule,
whereas it mostly resides inside the vestibule in state 0
(Figure S4). Thus, the turnover of the primer chemical fuel
(involving the cleavage of up to seven phosphate bonds)
results in an asymmetric reciprocating actuation of about
6 nm. Furthermore, the approach of driving the DNA
polymerase in reverse using Mn2+ and pyrovanadate might
be useful to control DNA threading in nanopore sequencin-
g.[14e,f, 21b]

We also examined a complementary mode of
reciprocating operation that employed KF(exo-) to
extend the primer and a nicking enzyme to excise
a short extended region. However, whereas nicking
enzymes have proven useful in the operation of
DNA walkers,[4d] the efficiency of this mode was
limited by the low activity of the nicking enzymes
examined (Figures S16–S18).

In summary, we have developed a supramolec-
ular nanoactuator that dissipates the energy from
chemical fuel by inducing reciprocating (back-and-
forth) motions of a DNA–PEG copolymer mole-
cule threaded through a transmembrane protein
nanopore. Our assembly shares several character-
istics with biological transmembrane machines. It is
mechanically interlocked[28] and operates under
a transmembrane potential[11, 20] while turning over
nucleic acid fuel molecules (see also Figure S15).
Most importantly, it utilizes information ratchet
mechanisms to organize non-directional chemical

processes to elicit cycles of directional nanoactuation despite
the constant non-directional thermal forces experienced at
nanometer length scales.[27] The asymmetry of the conforma-
tional cycle was confirmed by the saw-tooth patterns in the
ion current flowing through a single nanopore assembly
(equivalent to an oscillating potential). Similarly, biological
nanomechanical transmembrane pumps also operate auton-
omously with an oscillating potential that emerges from
asymmetric cycles of conformational change driven by the
turnover of chemical fuels and/or the exploitation of non-

Figure 2. a) Continuous real-time ion-current trace of a single transmembrane assembly showing five asymmetric cycles of a single rotaxane
driven by DNA hybridization and pyrovanadolysis during autonomous operation. i) Failed strand displacement event. ii) Strand displacement by
the full-length primer fuel. iii) An enzyme binding event without pyrovanadolysis. iv) An enzyme binding event that resulted in pyrovanadolysis.
v) Disassembly of the rotaxane after the rotaxane-bound primer has been degraded to state ¢1. b) Average currents extracted from the raw data
correspond to nanomechanical states associated with changes in primer length during operation. Additional experiments are described in the
Supporting Information. At the start of the experiment, the buffer in each well contained KCl (150 mm), Tris-HCl (33 mm), and MgCl2 (8.3 mm) at
pH 8. Furthermore, the live well contained the streptavidin-capped DNA–PEG copolymer (800 nm), while the cis well contained primer 7 (5 mm).
Once a rotaxane had been formed, MnCl2 was added to each well to a final concentration of 1 mm, while Na4V2O7 and KF(exo-) DNA polymerase
were added to the cis well to give final concentrations of 2 mm and 7 nm, respectively. The experiment was conducted at 21�2 88C.

Figure 3. a) Histogram of the observed dwell times in each nanomechanical state
fitted to a single exponential decay (black line), giving the most probable dwell
time as 15.2 s. b) The number of bases removed in enzyme-binding events in which
pyrovanadolysis occurred. c) The number of bases removed per cycle. Data collated
from four experiments over 17 cycles.
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fluctuating potential gradients.[10,11] This contrasts with the
pumping that has been demonstrated in synthetic systems that
require external (chemical or electromagnetic) oscillating
potentials.[1e,g,29] Indeed, the grand aim of using biologically
inspired autonomous mechanisms to achieve transmembrane
pumping in a fully synthetic molecular machine has yet to be
demonstrated. Hence, we hope that our system, which
autonomously transduces chemical potential into cycles of
reciprocating nanomechanical motion, will serve as an early
prototype in the development of synthetic transmembrane
architectures that approach the sophistication and function-
ality of biological molecular machines.[2a]
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