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ABSTRACT: Inspired by natural biomolecular machines,
synthetic molecular-level machines have been proven to
perform well-defined mechanical tasks and measurable work.
To mimic the function of channel proteins, we herein report
the development of a synthetic molecular shuttle, [2]rotaxane
3, as a unimolecular vehicle that can be inserted into lipid
bilayers to perform passive ion transport through its stochastic
shuttling motion. The [2]rotaxane molecular shuttle is
composed of an amphiphilic molecular thread with three
binding stations, which is interlocked in a macrocycle wheel
component that tethers a K* carrier. The structural character-
istics enable the rotaxane to transport ions across the lipid
bilayers, similar to a cable car, transporting K* with an ECy,

Molecular shuttle opens ion transport

value of 1.0 uM (3.0 mol % relative to lipid). We expect that this simple molecular machine will provide new opportunities for

developing more effective and selective ion transporters.

B INTRODUCTION

A variety of molecular machines exist in nature. One of the key
biological functions of biomolecular machines, such as
proteins, is to control substrate transport, which supports life
in living organisms."” In most cases, these transporters have a
motor domain that moves along a track to drive the transport
of small molecules or ions against a %radlent by consuming
adenosine triphosphate (ATP) as fuel.”™> With an improved
understanding of biomolecular machines, scientists have been
motivated to develop synthetic molecular machines to perform
measurable work by mechanical movements on a molecular
level.

Mechanically interlocked molecules, such as rotaxanes and
catenanes, have been proven to be promising candidates as
synthetic molecular machines.””® In particular, the unique
flipping motion between multiple recognition sites in a
rotaxane molecular system makes it a highly suitable choice
for developing molecular devices. Besides mimicking the
functions of ATP-driven protein machines by consuming
external energy (light, pH, etc.),””"" the stochastic Brownian
motion of the wheel along the thread allows the rotaxane to be
able to perform work under certain driving forces, such as
chemical reactions, gradient concentrations, and so on. One
outstanding example of thls type of work was mimicking the
function of a ribosome,"” in which an oligopeptide could be
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synthesized based on the stochastic shuttling of the macrocycle
wheel along the thread. Another remarkable application was
the passive transport of biologically relevant molecules across
membranes, in which different environments changed the
host—guest interaction and induced sliding of the wheel along
the thread, which enabled the dehvery of guest molecules
across a nonpolar cell membrane."” As is well-known, ion
passive transport is also essential for maintaining normal cell
function and biological processes. To mimic the functions of
channel proteins, specific effort has been devoted to the design
and synthesis of artificial systems for passive ion transport
across lipid bilayers.'*”"”  Although synthetic molecular
machines are widely considered to have the potential to
facilitate ion transport across membranes through their
mechanical motions,”®'® the cases of machines that can
perform such tasks have yet to be realized.

Here, we present a study aimed at developing a synthetic
[2]rotaxane molecular shuttle that possesses the structural and
functional elements necessary to perform ion transport across
lipid bilayers. As illustrated in Scheme 1, the designed
rotaxane, [2]rotaxane 3, contains a thread with three positively
charged binding stations (T3) and a wheel (CE) with a
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Scheme 1. Schematic Representation of the Synthesis and Molecular Structure of [2]Rotaxane 3 and the Proposed Mechanism

for K" Transport across Lipid Bilayers
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dibenzo-24-crown-8 macrocycle ring component (DB24C8)
that tethers a K* carrier (benzo-18-crown-6, B18C6), which is
expected to accelerate ion passive transport by the shuttling-
based mechanism that begins after the rotaxane inserts into the
lipid membrane. To the best of our knowledge, this work
represents the first example of a synthetic molecular shuttle
tasked with ion transport across lipid bilayers.

B RESULTS AND DISCUSSION

Molecular Design and Synthesis. Borrowing the
experience of Gokel et al. for designing sophisticated
amphiphile-based ion channels,'” the design principle for
such a rotaxane-based transporter should meet the following
requirements: (1) the thread component should have an
amphiphilic structure and a sufficient molecular length to insert
and span the membrane as a cable; (2) an ion receptor should
be introduced to the wheel as a car for ion loading and
unloading; and (3) the wheel should shuttle among the
stations, thus helping the car to transport ions across the
membrane. First, based on the channel length of the gramicidin
dimer (26—32 A), an amphiphile with a spacer around 30 A is
considered enough to span the insulator regime of bilayer
lipids. Therefore, thread T3 (as illustrated in Scheme 1) was
designed into an amphiphilic structure, in which two
tetraethylene glycol groups are introduced at both terminal
ends of the thread as the hydrophilic sections and the linker
between the two stoppers is used as the amphiphilic spacer
(~32 A estimated from the CPK model). To validate the
rationality of the molecular structure of thread T3, molecular
dynamics (MD) simulation was performed,”® which exhibited
a relatively stable membrane-span structure of T3 in lipid
bilayers (Figure S1). Second, a K* receptor, B18C6, is tethered
to DB24C8 to enable ion loading and unloading and thus
provide the possibility for K" passive transport across a lipid
bilayer membrane. Third, to achieve wheel shuttling, two
benzylalkylammonium hexafluorophosphate (BAA) stations
are introduced symmetrically on the thread for stochastic

shuttling of the wheel; meanwhile, an N-methyltriazolium
hexafluorophosphate (MTA) moiety is used as a weaker
recognition site for accelerating the shuttling rate of the
rotaxane by acting as a central relay.”’ These characteristic
features of [2]rotaxane 3 prompted us to examine the
possibility of this molecular shuttle working as a K* transporter
upon incorporation into a lipid bilayer membrane.

The molecular shuttle [2]rotaxane 3 was prepared by a
threading-followed-stoppering strategy, and all of the com-
pounds were verified by 'H and '*C NMR spectroscopies and
HR-ESI spectrometry (Schemes S1—S4). To verify the
interlocked structure of the rotaxane, partial '"H NMR spectra
of [2]rotaxane 3, thread T3, and wheel CE in d,-DMSO were
investigated.

As shown in Figure 1, compared with thread T3, the 'H
NMR spectrum of [2]rotaxane 3 showed two sets of peaks at
6.65 and 7.15 ppm for the aromatic protons Ha and Ha’,
respectively, which could be clearly assigned as complexed and
uncomplexed thread protons. The two peaks indicated that the
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Figure 1. Partial 'H NMR spectra (400 MHz) of thread T3,
[2]rotaxane 3, and wheel CE. The concentrations are 1.0 X 107> M
in d-DMSO at 298 K.
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wheel stayed at one of the ammonium stations on the NMR
time scale and that the sliding rate of the wheel on the thread
component was relatively slow. To explore the rate of the
wheel shuttling, NMR exchange spectroscopy (2D-EXSY)
analysis was performed on [2]rotaxane 3, in which CDCl;/
CD,CN (v/v, 1:1) was used as the solvent. After data
processing, the shuttling rate k was calculated to be 0.082 Hz
(Table 1, Figures S2—5 and Table S1).** As known, the

Table 1. Physical Properties and Quantitative Analysis of
the Transmembrane Activity of Transporters in the
LUVsDOHPTS Assay

transporter ECy”* Clogpb k (Hz)¢
[2]rotaxane 3 1.0 (3.0) 7.22 0.082
T3 269 (81.0) 7.03
CE N.D. 1.89
B18Cé6 N.D. 0.78
[2]rotaxane 2 6.7 (20.0) 8.02 N.D.
T 18.0 (54.0) 7.77
[2]rotaxane 1 N.D. 8.72

“ECy, defined as the final concentration, uM (mol % relatlve to lipid),
of transporter required to obtain 50% activity at ¢ = 300 s. “Calculated
logp using ALOGPS 2.1, an estimate of lipophilicity where p is the
partition coefficient between octanol and water. “Estimated shuttling
rate determined by 2D-EXSY NMR analysis in CDCl;/CD;CN. N.D.
means not determined.

shuttling rate of rotaxane is greatly affected by microenviron-
ments (solvents, temperature, etc. ) ;77 this value does not
represent the actual shuttling rate of [2]rotaxane 3 in the lipid
bilayers. However, the existing shuttling motion sliding along
such a long thread component provides the possibility to help
the ionophore B18C6 on the rotaxane wheel to transport ions
across lipid bilayers.

lon Transport Activity and Mechanism Study. To
explore the ability for ion transmembrane transport of
[2]rotaxane 3, a well-established fluorescence assay with
large, unilamellar lipid vesicles entrapping a pH-sensitive
fluorescent probe, 8-hydroxypyrene-1,3,6-trisulfonic acid
(LUVsDHPTS), was carried out.'’®'”***> The experimental
process is described as follows (Figure S6): in a LUVsDHPTS
vesicles buffer, a pH gradient was applied by addition of KOH
(i.e., ApH = 0.8) in the extravesicular buffer; then the addition
of transporters induced the pH gradient collapse via a H' efflux
or OH™ influx, which led to the change in the ratio of
fluorescence intensity at S10 nm (I,50/L,05) of HPTS
entrapped inside the vesicles. For comparison, the correspond-
ing two subunits, thread T3 and wheel CE, were also
characterized in the same conditions. After data processing
(Figure S7), Figure 2A shows the concentration-dependent ion
transport activity of [2]rotaxane 3 and reveals an ECs, (the
effective concentration required for 50% activity) value of 1.0
uM (3.0 mol %, relative to lipid, as listed in Table 1). After
comparison, [2]rotaxane 3 exhibits significantly greater
transport ability than that of subunits T3 and CE (Figure
$8—11). Although T3 showed some activity, the increase in its
EC to 26.9 uM (81.0 mol %), which was nearly 27-fold
higher than that of [2]rotaxane 3, implied that the rotaxane
structure is a critical factor that affects the transport efficiency.
Further plotting the observed rate constant k,,, against the
concentrations (Figure 2B), the linear correlation indicated the
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Figure 2. (A) Representative concentration-dependent enhancement
of the ion transport activity of [2]rotaxane 3 at 0.03—13.32 M (0.1—
40.0 mol %, relative to lipid). (B) Plot of pseudo-first-order rate
constants (kobs) versus M of [2]rotaxane 3 at low concentrations.
(C) Proposed insertion mode of rotaxane in lipid bilayers.

unimolecular active structure of [2]rotaxane 3 for ion
transport.

A LUV fluorescence assay with $(6)-carboxyfluorescein
(CF) dye encapsulated in liposomes at its self-quenching
concentration was carried out to test membrane stability
during the ion transport process (Figure S12). The percentage
of CF leakage was determined by monitoring the fluorescence
intensity of released CF and compared to a 100% release by
destroying the liposomes using Triton-X. Addition of [2]-
rotaxane 3 (1.67 uM) and thread T3 (6.67 uM) led to a low
CF Ieakage (<10%); however, melittin (a membrane lysing
agent)’® at 10 nM resulted in efflux of 85% CF dye from
LUVs. It indicated that [2]rotaxane 3 does not significantly
alter the integrity of the membrane, and the role of guest-
induced membrane destabilization by forming transient pores
was relatively small. Of course, the nonselective membrane
disruption for ion transport should not be completely ruled out
since the CF leakage was not strictly absent. A preincorporated
LUVsDHPTS assay was further performed, in which [2]-
rotaxane 3 was already mixed with the phospholipid. The
comparable transport activity (4 mol %, Figure S13) confirmed
that the ion transport of the rotaxane mainly functions by
inserting into the lipid membrane. Therefore, based on the
amphiphilic and unimolecular active structure of [2]rotaxane
3, the logically possible insertion mode can be assumed as
illustrated in Figure 2C. One is the U-shaped insertion state
(I), and the other is the transmembrane state (II), in which I
can also convert to II by the penetration of one of the head
groups.”’

To find out which one was predominant for ion transport of
[2]rotaxane 3, a voltage clamp measurement was further
performed across the planar bilayer membrane using KCl as an
electrolyte.”® As illustrated in Figure 3, the addition of
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Figure 3. (A) Current recordings of [2]rotaxane 3 (2.5 uM) from a
single channel at 100 mV holding potential in a symmetrical 1 M KCl
solution. (B) Linear I-V plots of [2]rotaxane 3 with varied holding
potentials.

[2]rotaxane 3 produced regular square-like signals with
considerably long opening times (Figure 3A, Figure S14)
and ohmic I-V profiles (Figure 3B), which indicated the
formation of a stable channel or pore across the bilayer
membrane. Considering the matching length of rotaxane with
the thickness of the insulator regime of lipid bilayers, it can be
concluded that ion transport of [2]rotaxane 3 occurs mostly
from the unimolecular transmembrane insertion (II) in the
lipid bilayer instead of from the transient distribution of
molecules in the membrane.

To explore the action of B18C6 on the ion transport of
[2]rotaxane 3, both cation and anion selectivity were
recorded. As illustrated in Figure 4A, the variation of cations
exhibited different transport activity and followed the order K*
> Rb" > Cs" > Na" > Li". This order was consistent with the
Eisenman sequence IV,”” which suggested that the ion
selectivity of [2]rotaxane 3 does not correspond to the
energetic penalty for ion dehydration and is more related to
the ion recognition of B18C6. In contrast, T3 without a K"
recognition receptor provided little difference in ion transport
activity toward various cations (Figure S1S). On further
variation of anions by changing A~ (where A~ = F~, CI~, Br’,
and I7) in an extravesicular buffer, the transport activity of
[2]rotaxane 3 exhibited an insignificant difference (Figure 4B,
Figure S16). A Cl -sensitive Lucigenin vesicle assay (Figure
4C, Figure S17) was further performed, and the negligible
activity of [2]rotaxane 3 indicated that CI” transport was
limited by the rotaxane-based transporter. It can be concluded
that the presence of B18C6 enabled K' selectivity in
[2]rotaxane 3, and thus either a K*/OH™ symport or K*/H*
antiport process was responsible for the balance of pH
variation inside and outside of the vesicles in the LUVsDHPTS
assay. To further explore which process is predominant, the
transport activity of [2]rotaxane 3 in the absence and presence
of valinomycin, a selective K' transporter, was also
investigated. As illustrated in Figure 4D (Figure S18), the
addition of valinomycin caused the fluorescence intensity to
increase by 30%. In contrast, the same amount of valinomycin
itself resulted in only a 5% increase in the fluorescence
intensity. These results support that the rotaxane can also
transport OH™ and K'/OH™ symport to balance the charges
inside and outside of the LUVs.”” Based on the importance for
selectively transporting K*, Na*, and CI~ in biological systems,
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Figure 4. (A) Cation selectivity assay for [2]rotaxane 3 (3.33 uM)
and T3 (13.67 uM). (B) Anion selectivity assay for [2]rotaxane 3
(0.67 uM). (C) Lucigenin assay by [2]rotaxane 3 at different
concentrations. (D) HPTS fluorescence assay for [2]rotaxane 3 (0.67
uM) with or without valinomycin (5 pM).

we further performed a patch-clamp assay to quantitatively
compare the permeability ratios of these ions by determining
reversal potentials (Figures S19 and S20). Calculations based
on the Goldman—Hodgkin—Katz (GHK) flux equation’'
revealed a K'/Cl~ permeability ratio (Py*/P~) of 28 and
Na*/K* permeability ratio (Py,"/Px*) of 0.2. The high
selectivity between and K* and CI” was in agreement with
the Lucigenin vesicle assay that showed the CI™ transport was
not effective. Therefore, the excellent K* selectivity indicated
that the ion transport of [2]rotaxane 3 should result from the
ion loading and release of B18C6.

Finally, the effect of the shuttling motion on the transport
activity of [2]rotaxane 3 was explored. As shown in Figure SA,
two additional rotaxanes, [2]rotaxane 2 (Scheme S4) and
[2]rotaxane 1 (Scheme SS), bearing two and one of the
recognition site(s), respectively, were designed and synthesized
as reference compounds for comparison. The energy profiles
indicate that three rotaxanes had different thermodynamic
profiles and performed the shuttling motion at different rates
(Figure SB). [2]rotaxane 3 bears three cationic stations in
which wheel CE should be thermodynamically trapped in the
ammonium energy well due to their relatively stronger
interaction, and thus the symmetric existence induced the
stochastic shuttling between the two ammonium (BAA)
stations. The introduction of a weak recognition site of
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Figure S. (A) Molecular structures of [2]rotaxane 2 and [2]rotaxane
1. (B) Energy profiles representing the free energy of the rotaxanes
during the wheel’s movement along the thread axle. (C) Comparison
of transport activity of the rotaxanes at 10 pM.

MTA in the middle of the thread would decrease the shuttling
energy barrier and, thus, speed up the shuttling rate. Compared
with [2]rotaxane 3, [2]rotaxane 2, with two symmetrical BAA
stations, should have a slower shuttling rate. The shuttling rate
of [2]rotaxane 2 was also estimated by 2D-EXSY experiments
(Figures S21), from which no obvious cross-peaks were
observed even at 7,, = 500 ms. Although the shuttling rate
failed to be calculated, the shuttling motion of [2]rotaxane 2
undoubtedly exists by Brownian motion between the two
recognition sites.** For [2]rotaxane 1, the unique BAA station
made the wheel primarily circle at the ammonium site, causing
difficulty in shuttling the wheel on the thread component. The
transport activities of [2]rotaxane 2 and [2]rotaxane 1 were
also explored by the LUVsDHPTS assay (Figure SC, Figures
§22—S24). As expected, both of the reference rotaxanes
exhibited much lower transmembrane activity than that of
[2]rotaxane 3, especially for [2]rotaxane 1. The results are
also summarized in Table 1, which reveals the ECg, value of
[2]rotaxane 2 is 6.7 uM (20.0 mol % relative to lipid), and the
EC,, value of [2]rotaxane 1 is not determined. Considering
their similar molecular properties (Clogp listed in Table 1), the
variable transport activities of the three rotaxanes were
probably deduced by the differences in the charge numbers
or the shuttling motion rate. The charge effect on transport
activity was investigated between threads T2 and T3, which
exhibited the opposite relationship of activity-charge numbers,
and the transport activity of T2 with two positive charges was
even higher than T3 with three charges (Figures S25 and $26).
Therefore, it indicated that the shuttling motion might play a
key role in improving ion transport in the rotaxanes.

Effect of pH-Regulated Shuttling on Transport
Activity. If the above shuttling-based mechanism works, the
operation on the shuttling rate would affect the transport
activity of rotaxanes. As known, the ammonium sites on the
thread of [2]rotaxane 3 were pH-sensitive groups and can be
deprotonated by addition of base, which was always applied to
control the shuttling movement in rotaxane systems (as
illustrated in Figure 6A). Therefore, pH variation was used to

A) pH regulated shuttling
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Figure 6. (A) Schematic presentation of pH-regulated shuttling of
[2]rotaxane 3. (B) *Na NMR spectra of [2]rotaxane 3 (0.13 mM)

at different pH values, in which the LUVs were prepared with [Na*
in] = 200 mM, [Na* out] ~ 200 mM, and [DyCl; out] = 4.85 mM.

control the shuttling motion of [2]rotaxane 3. The 'H NMR
spectra of [2]rotaxane 3 demonstrated that the shuttling
motion of the wheel between the two BAA stations can be
halted in response to the addition of a base and that the wheel
moves to the MTA station in a static state due to
deprotonation of the ammonium moieties (Figure S27). This
result indicates that [2]rotaxane 3 can reversibly switch
between a dynamic shuttling state and a static state in response
to pH stimuli. To evaluate the ion transport of [2]rotaxane 3
with different shuttling motions by pH control, a variable-pH
»Na NMR vesicle assay was carried out as shown in Figure
6B.”> The *Na NMR method relies on a shift reagent
composed of sodium tris(polyphosphate) and dysprosium
chloride hexahydrate, which results in two **Na NMR peaks
when added to a LUVs solution: an intravesicular one that is
not affected and an extravesicular one that shifts upfield. At pH
= 7.0, the resonance signals for Na* both inside and outside of
the vesicles broadened with the addition of [2]rotaxane 3,
suggesting that fast Na* exchange was initiated by the dynamic
rotaxane system. However, under basic conditions (pH =
10.2), the addition of rotaxane resulted in narrow Na* signals,
which were similar to those of the blank (Table S2), indicating
that the static rotaxane did not efficiently activate Na*
exchange. All these results indicate that the increased pH
deprotonates the ammonium stations and locates the wheel
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statically at the MTA station; thus the prevented shuttling of
the wheel blocks the ion exchange across the lipid layers. The
pH control experiment is in good agreement with our
shuttling-based transport mechanism, and the whole process
can be proposed as illustrated in Scheme 1, which shows that
the rotaxane inserts into the membrane, similar to a cable, and
that the shuttling motion helps the wheel car passively ferry
ions across the lipid bilayers.

B CONCLUSION

In conclusion, we have demonstrated that a rotaxane-based
molecular shuttle, [2]rotaxane 3, can function as a vehicle for
ion transport across lipid bilayers. Transport experiments show
that the rotaxane can display K" selectivity due to B18C6
recognition preference and exhibit unimolecular transport
activity with ECy, at 1.0 uM (3.0 mol % relative to lipid). The
relationship between the molecular structure and transport
performance supported the shuttling-based mechanism of
[2]rotaxane 3 for ion transport across the lipid membrane.
Through rational molecular design, we herein expect to
provide a new method for designing ion transport systems
and for extending applications of these fascinating rotaxanes.
Work along this line of inquiry is currently underway in our

laboratory.
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