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THE BIGGER PICTURE Molecular shuttles are bistable devices in which a macrocycle threaded onto a linear
component transitions between two different positions in response to external stimuli. We used optical twee-
zers to identify the transition paths of shuttling events recorded on individual molecular shuttles under me-
chanical equilibrium. We confirmed experimentally that the transition paths show symmetry. The properties
of these transition paths contain fundamentalmechanistic information about the shuttling process. Our study
paves the way to explore the temporal sequence of events during shuttling and investigate the possibility of
taking multiple paths through the energy landscape. Additionally, we will be able to determine the effect of
external stimuli and the chemical composition of the molecular shuttle on the properties of transition paths
under nonequilibrium conditions. This information is pivotal in the design and optimization of molecular shut-
tles for diverse nanotechnological applications.
SUMMARY
Measuring individual trajectories during the operation of synthetic devices is crucial for a thorough under-
standing of this operation. Here, we use optical tweezers to measure individual transition paths of molecular
shuttles under mechanical equilibrium. Our results showed that the transition-path times present wide distri-
butions, indicating a statistically independent and variable behavior while maintaining a time-reversal sym-
metry derived from the principle ofmicroscopic reversibility. Furthermore, we show that thermodynamic vari-
ables can be extracted from the transition-path times using the principle of microscopic reversibility. These
measurements provide a first experimental look at the principle ofmicroscopic reversibility inmolecular shut-
tles and pave the way for a detailed and quantitative understanding of the dynamics of synthetic molecular
machines.
INTRODUCTION

Biological systems and synthetic molecular devices both rely

on thermal energy to move their constituent parts to carry out

their functions.1 These long-range motions occur along path-

ways connecting each sequential step from the initial to the

final state.2 The details of these transition paths contain funda-

mental information about the transition states and the mecha-

nism(s) that drive(s) the overall process, i.e., protein/nucleic

acid folding3–7 or the shuttling of a macrocycle in synthetic mo-

lecular shuttles. Molecular shuttles are bistable devices that

transition between two different equilibrating co-conformations

in response to external stimuli.8,9 In molecular shuttles, a mac-
Chem 11, 102410,
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rocycle trapped onto a linear component (axle) can be revers-

ibly moved between two chemically different regions of the

thread (stations) separated along the axle. These stations

bind to the macrocycle noncovalently with different affinities.

Modification of the relative affinities of the stations for the mac-

rocycle by external stimuli (i.e., pH,10 light,11,12 chemical stimu-

lation,13,14 or mechanical force15) changes the time it spends at

each station while it hops back and forth by random thermal

motion. The bistability and controlled shuttling motion charac-

teristic of these devices make them suitable as fundamental

components in diverse nanotechnological applications.16–19

Therefore, understanding the microscopic mechanisms of

the shuttling process would be pivotal in the design and
June 12, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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optimization of the performance of these devices at the molec-

ular level. Shuttling involves (1) passage through a high-energy

transition state forming an energy barrier between stable states

and (2) the paths (that pass or transition) through these states.

The properties of these transition paths (i.e., duration, velocity,

and shape) contain all the fundamental mechanistic information

about the shuttling process.

Molecular shuttles are expected to present well-defined tran-

sition paths between their two main co-conformations. These

transition paths have been studied theoretically,20,21 but their

short lifetimes, much shorter than the lifetime of residence of

the macrocycle at the stations, as well as their intrinsic stochas-

tic nature, have prevented their direct observation experimen-

tally. This limits our understanding of the working mechanisms

that govern the dynamics in the energy landscapes of these mo-

lecular devices. Despite significant research efforts to shed light

on this issue, only indirect strategies for characterizing average

transition states have been achieved. For example, Panman

et al. studied the shuttling mechanism of a redox-activated mo-

lecular shuttle through time-resolved vibrational spectroscopy.22

They monitored the changes in the frequencies of the carbonyl

stretch, present in both stations, to determine when the macro-

cycle left one station and arrived at the other (or returned to the

initial station). The rates of forward and backward shuttling can

also be extracted from analysis of thermodynamic parameters

determined by absorption spectroscopy,23 nuclear magnetic

resonance,24 or electrochemistry.25 However, direct experi-

mental measurements of the transition pathways at the nano-

scale are needed to fully understand the nature of shuttling in

artificial molecular devices.

Single-molecule manipulation methods such as atomic force

microscopy,26 scanning tunneling microscopy,27 or single-

molecule junctions28 have only recently started to be applied

to the investigation of synthetic molecular devices.29 These

techniques have led to breakthroughs like the measurement

of the work exerted against a load by molecular devices,30,31

or more directly related to this work, the observation of an inter-

mediate state in the shuttling between two stations in a

H-bonded molecular shuttle.32 Advances in optical tweezers

have enabled the observation of transition paths in the folding

of single biomolecules.3,5,33,34 Recently, we reported the appli-

cation of optical tweezers to extract the real-time kinetics of

shuttling of individual molecular shuttles in aqueous solution.35

Here, we used optical tweezers to unequivocally identify transi-

tion paths from hundreds of shuttling events recorded on indi-

vidual molecular shuttles under mechanical equilibrium. Our

measurements showed a wide distribution of transition-path

times, indicating that each transition across the energy barrier

was statistically independent and highly variable. We studied

the shuttling process and found that transition-path times are

symmetrically distributed. This was confirmed by comparing

the last-touch first-touch times (LTFT) in both directions of

shuttling Additionally, we used the experimental data to extract

the energy profile of the shuttling process from transition-path

probabilities.36–39 Our theoretical analysis takes advantage of

the fact that all molecules in solution are in mechanical equilib-

rium, regardless of whether the overall system is in thermody-

namic equilibrium.
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RESULTS AND DISCUSSION

Real-time monitoring of shuttling events
We synthetized a hydrogen-bonded Leigh-type molecular shut-

tle40 featuring a benzylic amide macrocycle mechanically locked

onto an oligoethylene glycol axel by two diphenylethyl stoppers

(Figures 1A and S1–S16; supplemental information). The axel

contains fumaramide (fum) and succinic amide-ester (succ)

groups (or stations) separated by a 5.5 nm oligoethylene glycol

spacer (retrieved from density functional theory [DFT] calcula-

tions, Figure S2), which is significantly shorter than that in our

previous work35 to facilitate synthesis. The stations interact

through hydrogen bondswith themacrocycle with different affin-

ities, producing a biased fum:succ occupancy ratio >95:5 (even

in polar solvents).41 In order to interface the molecule with the

optical tweezers, the macrocycle was designed to contain an

azide group and the stopper adjacent to the fum station was

labeled with biotin. We used two double stranded (ds) DNA

molecules, acting as handles, to individually manipulate single

molecular shuttles (Figure 1B). One of the dsDNA handles is

attached to the macrocycle via click chemistry, connecting it

to a micron-size polystyrene bead held in the optical trap (our

force and distance sensor). The other handle connects the

biotin-labeled stopper to a bead fixed on top of a micropipette

tip (see further information about the experimental setup in the

supplemental information). Experiments were performed under

aqueous conditions (20 mM Tris-HCl pH 7.5, 150 mM NaCl) at

22�C ± 1�C.
Initially, individual molecular shuttle-dsDNA hybrids were sub-

jected to pulling-relaxing cycles to obtain histograms for the

rupture forces at each station and calculate the coexistence

force (F1=2), or the force under which the macrocycle has an

equal probability of residing over the fum or succ stations (Fig-

ure S17). This is done by retracting the optical trap relative to

the micropipette tip at a constant pulling speed of 200 nm/s.

Next, we kept a constant force on the molecular shuttle-dsDNA

hybrid close to F1=2 to maximize the number of shuttling transi-

tions of the macrocycle between fum and succ stations (Fig-

ure 1C). We noted that the shuttling distance obtained experi-

mentally (distance between the center of the fum and succ

stations in Figure 1C) is affected by the length of the dsDNA han-

dles. The expected distance (5.5 nm) can be recovered using

shorter and stiffer dsDNA handles. The length of the handles

does not affect the microscopic reversibility results relevant

here (see below) in any of the experiments, and shuttling events

presented well-defined residence or waiting times at each sta-

tion andmuch faster transition times from one station to the other

(Figures 1D, S18, and S19). Hence, we have continued to use the

lengthy dsDNA handles in this study, as they facilitate detection

and manipulation. Our experimental setup allowed recording

hundreds of individual shuttling events for single molecular shut-

tle-dsDNA hybrids with millisecond temporal resolution yielding

robust statistics for posterior analysis.

Microscopic reversibility of transition-path times
measured on individual molecular shuttles
The transition-path time of the shuttling between stations (tts)

is defined as the time it takes for the macrocycle to travel from



Figure 1. Chemical structure of the molecular shuttle, experimental setup, and measurement of individual shuttling events

(A) Chemical structure of the molecular shuttle. The macrocycle (in blue) is bound to the thermodynamically favored fumaramide station (fum, in green) by

hydrogen bonding. External stimuli (here external mechanical force) shift the binding equilibrium of themacrocycle toward the succinic amide-ester station (succ,

in orange).

(B) Diagram of the experimental setup (not to scale). The molecular shuttle is attached to two polystyrene beads (diameter �3 mm) through two dsDNA handles.

One handle connects the macrocycle to the bead in the optical trap (k = 0.13 pN nm�1, laser power = 60 mW) via digoxigenin-anti-digoxigenin connections

(yellow spheres). The other handle connects the terminal biotin of the thread (in purple) to a bead held by suction on top of amicropipette tip via biotin-streptavidin

connections at one end and digoxigenin-anti-digoxigenin at the other. Load (force) is applied to the system by moving the optical trap relative to the micropipette

tip.

(C) Representative hopping trace at constant force (9.4 pN) in which the sub-molecular motion of an individual macrocycle between fum (green stripe) and succ

(orange stripe) stations is tracked in real time.

(D) Zoom-in on (C) in which two complete individual shuttling events take place. Scale bar: 100 ms.
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one thermodynamic state to another. From mechanical equi-

librium trajectories of the extension of the molecule (extension

vs. time at a constant force), tts was measured directly as the

time required to cross between a and b limits (Figure 2, see

also supplemental information for details on tts calculation).

These boundaries were chosen as half the mean position of

fum and succ.3 Data analysis showed that the mean values

of tts for fum / succ and succ / fum transitions are identical

within error. The transition-path times presented broad

distributions indicating that each transition across the barrier

was statistically independent and highly variable. These

distributions showed similar shapes for the forward and

reverse reactions. The symmetry of the transition-path time

distributions was confirmed independently by a two-sample

Kolmogorov-Smirnov test and a Mann-Whitney U-test (Table

S1) in accordance to the principle of microscopic revers-

ibility.34,42–45 The values of tts obtained are in good agreement

with transit times calculated indirectly taking into consider-

ation the kinetic rates between stations, confirming the

validity of our experimental data (Table S2; Figures S20 and

S21).3,42,46

The time reversal shown for the specific case of the transit

time should be held for any random points a and b within the

macrocycle’s trajectory either when equilibrium is shifted to-

ward fum or succ stations, as predicted previously by Bier

and Astumian. The LTFT time (the time elapsed between the
moment the macrocycle last touches point a and first touches

point b) must obey the LTFT relation20,36,47: tLTFTða/bÞ =

tLTFTðb/aÞ:
In Figure 3, we present the calculation of tLTFT in different

hopping traces acquired at constant forces, where equilibrium

shifts differently toward fum or succ stations. In this case,

the boundaries a and b were chosen close to the mean

position of fum and succ stations, respectively. The distribu-

tion of tLTFT ða/bÞ was found to be symmetrical to that of

tLTFTðb/aÞ at all forces, confirming the LTFT principle. Sym-

metry was further corroborated by two-sample Kolmogorov-

Smirnov and Mann-Whitney U tests (Table S3). Furthermore,

we found that the symmetry of the LTFT distributions holds

independently of the values chosen for boundaries a and b

(Figures S22 and S23; Tables S4 and S5).

Calculation of energy landscapes from transition-path
probabilities
Microscopic reversibility was applied by Bier and Astumian for

cases when particles are subjected to an external driving bias,

such as the mechanical force in our experiments.47 Their corol-

lary to microscopic reversibility takes advantage of the fact

that the Onsager-Machlup relations require a linear relationship

between force and velocity, which is characteristic of low

Reynolds number behavior in single molecules.48 As discussed

by Bier et al.,35 the relation for the ratio of the transition
Chem 11, 102410, June 12, 2025 3



Figure 2. Distributions of transition-path times (tts) of the shuttling between stations

Segment of hopping traces (top) acquired at constant forces below (A and B), close to (C), and above (D) coexistence, along with their corresponding transit time

distributions (bottom) for a / b (fum to succ, blue) and for the reverse b / a (succ to fum, pink) transitions (overlapping regions are highlighted in purple). The

boundaries a and b, indicated as dashed horizontal lines at the top, were chosen as half themean position of fum and succ stations, respectively. The distributions

are the same as determined by a two-sample Kolmogorov-Smirnov test (see Table S1). Scale bar: 1 s.
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probabilities to move from one station to the other (or to any

point a to point b) within a time interval (P½a/b;Dt� and

P½b/a;Dt�) informs on the Gibbs free energy change of the sys-

tem (DG) following

P½a/b;Dt�
P½b/a;Dt� = exp

��DG

kBT

�
; (Equation 1)

where kB is the Boltzmann constant and T is temperature.

The identity between the LTFT times, although counterintu-

itive as it involves that the time the macrocycle takes to go up-

hill in energy is the same as it takes to go downhill, follows

from microscopic reversibility. We used the mechanical equi-

librium extension trajectories of individual molecular shuttles

to experimentally test Equation 1 for calculating DG using

transition probabilities from trajectory thermodynamics rather

than state probability distributions (further details in supple-

mental information and Figure S24).39 In addition, we

compared the DG results (energy landscapes) obtained

through this method with those obtained from position proba-

bilities using the inverse Boltzmann’s distribution method.49

Equation 1 holds as long as the molecule is in mechanical

equilibrium, i.e., the motion has a low Reynold’s number,

which is the case for all molecules in solution. In contrast,

the Boltzmann equation pb

pa
= exp

�
�DG
kBT

�
for the probabilities

of the system to be in the vicinity of point b relative to point

a holds only at thermodynamic equilibrium, which is a consid-

erably more stringent and less universal condition. In this

case, both methods yielded comparable energy profile values

across the whole spectrum of population distributions (Fig-

ure 4), thus confirming the applicability of this method to
4 Chem 11, 102410, June 12, 2025
obtain thermodynamic variables from molecular-scale hop-

ping experiments.

Conclusions
The recent application of single-molecule manipulation tech-

niques in the field of supramolecular chemistry is allowing us

to observe and characterize individual transition paths and the

microscopic thermally driven motions that underlie the confor-

mational changes occurring during operation of synthetic de-

vices.14 Microscopic reversibility is the organizing principle by

which molecular machines can be understood.50 Here, we

experimentally demonstrated the ramifications of microscopic

reversibility during the switching of the macrocycle of a molecu-

lar shuttle, which could be considered as a necessary first step

to understand the operation of these devices. Our work opens a

way to explore the properties of transition paths under nonequi-

librium conditions, which will provide additional insight into the

landscape not frequently visited in equilibrium and even the pos-

sibility of symmetry breaking (as recently shown in other sys-

tems).34,51 The mechanical equilibrium transition probabilities

enter into the nonequilibrium pumping equality for the nonequi-

librium steady-state distribution
pb;ss

pa;ss
= P½a/b;Dt�

P½b/a;Dt� Ce
Wpd;Sa/b

=kBT D.52

The term in angle brackets is the exponential of the path-depen-

dent energy exchanged with the environment in the specific

path Sa/b kinetically weighted and averaged over all paths

from a to b. It is in this term that all nonequilibrium aspects of

a chemically driven nonequilibrium steady state are to be found

(supplemental information and Figure S25). In addition, we will

soon be able to examine the shape (extension vs. time) of the

transition paths to retrieve information about the temporal

sequence of events and investigate the possibility of taking

multiple routes through the energy landscape. Comparison



Figure 3. Calculation of LTFT time distributions from individual shuttling events recorded at different forces

Left, representative segments of extension vs. time traces recorded at various constant forces close to the coexistence force (F1=2 z 9.4 pN). Scale bar for all

extension vs. time traces: 1 s. Data points corresponding to a/ b and b/ a transitions are represented as blue and pink dots, respectively. Central panels show

the corresponding extension distributions. Right, the corresponding distributions of tLTFT showing symmetry between a/ b (blue) and b/ a (pink) transitions in

all cases (overlapping regions are highlighted in purple), as concluded by Kolmogorov-Smirnov and Mann-Whitney significance tests (see Table S3). Dashed

horizontal lines indicate the limits a = �8 nm and b = 8 nm in all plots.
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of the transition-path shapes between molecular shuttles

harboring different chemical components, or those of a single

shuttle evaluated under different experimental conditions, will

inform on the effect of these variables on the temporal sequence

of events, the paths for crossing the energy barrier, and the ther-

modynamics of the shuttling motion at each condition. This
information will be crucial in the design and optimization of

molecular shuttling nanotechnology with improved properties.

Finally, the combination of experimental information about

transition paths with theory will help to characterize the funda-

mental features of the microscopic mechanisms of shuttling

quantitatively.
Chem 11, 102410, June 12, 2025 5



Figure 4. Energy landscapes calculated for individual molecular shuttles

Energy profiles at and near the coexistence force (F1=2) obtained using the inverse Boltzmann’s distribution method (gray lines) and Equation 1 (black lines) for (A)

F = 9.3 pN, (B) F1=2 = 9.4 pN, and (C) F = 9.9 pN. Both methods show comparable results.
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METHODS

Further details regarding the methods can be found in the sup-

plemental information.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the lead contact, Borja Ibarra (borja.ibarra@imdea.org).

Materials availability

The new compounds generated in this study require substantial time and re-

sources for their preparation. Samples may be provided upon request pending

their availability. Any request for advice to perform their synthesis following the

protocols reported below is welcome.

Data and code availability

Analysis codes are freely available at https://hdl.handle.net/20.500.12614/

3812. Raw data are available upon reasonable request to the lead contact,

Borja Ibarra (borja.ibarra@imdea.org).
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36. Bier, M., Derényi, I., Kostur, M., and Astumian, R.D. (1999). Intrawell relax-

ation of overdamped Brownian particles. Phys. Rev. E Stat. Phys. Plasmas

Fluids Relat. Interdiscip. Topics 59, 6422–6432. https://doi.org/10.1103/

PhysRevE.59.6422.

37. Astumian, R.D., and Bier, M. (1994). Fluctuation driven ratchets: Molecular

motors. Phys. Rev. Lett. 72, 1766–1769. https://doi.org/10.1103/Phys-

RevLett.72.1766.
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1. General methodology. 

All solvents were dried according to standard procedures. Reagents were used as purchased. All air-

sensitive reactions were carried out under inert atmosphere. DNA oligonucleotides were purchased 

from Biomers. Column chromatography was carried out using silica gel (Merck, Kieselgel 60, 230-

240 mesh) as a stationary phase. Analytical thin layer chromatography (TLC) was performed on 

precoated silica gel on aluminum cards (0.25 mm thick, with fluorescent indicator 254 nm) and 

observed under UV light. NMR spectra were recorded on a BrukerAvance 400 (1H: 400 MHz; 13C: 

101 MHz) spectrometer at 298 K using partially deuterated solvents as internal standards, unless 

otherwise stated. Spectra of the synthesized compounds were assigned with the aid of both DEPT 

and 2D NMR experiments (COSY, HMQC or HMBC). Coupling constants (J) are expressed in Hz and 

chemical shifts (δ) in ppm. Multiplicities are denoted as follows: s = singlet; br = broad; d = doublet; t 

= triplet; m = multiplet. High-Resolution Mass Spectroscopy (HRMS) was obtained using both 

Atmospheric-Pressure Chemical Ionization (APCI) and Electrospray Ionization (ESI) on a MAXIS II 

(Bruker) spectrometer, Matrix-Assisted Laser Desorption Ionization (MALDI-TOF) on a VS AutoSpec 

spectrometer, both coupled to a time-of-flight (TOF) instrument and time-of-flight mass spectrometry 

coupled to a Gas Chromatograph with Electron Ionization (GCEI) on a GCT Agilent Technologies 

6890N. UV-Vis spectroscopy was performed on a Cary 50 UV-Visible spectrophotometer. Fourier-

transform infrared spectroscopy with attenuated total reflection (FT-ATR-IR) was performed on a 

Bruker ALPHA FTIR spectrometer. The conditions used for all the collected data were: 24 scans, 24 

seconds each experiment, transmission mode.  

Abbreviation list: 

DBU: Diazabicycloundecene 

DCM: Dichloromethane 

DFT: Density functional theory 

DMAP: 4-Dimethylaminopyridine 

DMF: N,N-dimethylformamide 

EDCI·HCl: N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

LTFT: Last touch first touch times 

NMR: Nuclear Magnetic Resonance Spectroscopy 

PEG: Polyethylene glycol 

TFA: Trifluoroacetic acid 

THF: Tetrahydrofuran 

TLC: Thin Layer Chromatography 

WLC: Worm-like chain (model) 
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2. Synthesis of molecular shuttle 15. 

 
Figure S1: Preparation of molecular shuttle 15. Reagents and conditions: i) 2,2-diphenylethanol, DMAP, 

EDCI·HCl, DCM, 0 ºC to r.t. 12 h, 99%; ii) piperidine, DBU, DMF, r.t. 4 h, 99%; iii) Et3N, DMF, 0 ºC to r.t. 12 h, 

96%; iv) TFA, DCM, 0 ºC to r.t. 4 h, 99%; v) maleic anhydride, Et3N, THF, 0 ºC to r.t. 12 h, 90%; vi) Et3N, DCM, 

12h, 76%; vii) EDCI·HCl, DMAP, DCM, 0 ºC to r.t. 12 h, 90%; viii) TFA, DCM, 0 ºC to r.t. 4 h, 99%; ix) EDCI·HCl, 

DMAP, DCM, 0 ºC to r.t. 12 h, 60%; x) Piperidine, DCM, 48 h, 97%; xi) Et3N, CHCl3, r.t. 12 h, 46%. 
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Compound 1 

To a solution of Boc-D-Lys(Fmoc)-OH (900 mg, 1.92 mmol) in dry DCM (25 mL) under N2 atmosphere, 

diphenylethanol (457 mg, 2.3 mmol) and a catalytic amount of DMAP were added and the mixture 

was stirred at 0 ºC for 5 minutes. Afterwards, EDCI·HCl (732 mg, 3.84 mmol) was added at 0 ºC and 

the reaction mixture was stirred at room temperature overnight. The reaction mixture was 

concentrated under reduced pressure and then diluted with DCM. Next, the mixture was washed with 

1 M HCl (2 x 100 mL), NaHCO3 (sat. aq.) (2 x 100 mL) and brine (1 x 100 mL). The organic layers 

were dried over anhydrous MgSO4 and concentrated under reduced pressure. The crude was purified 

by column chromatography on silica gel using a hexane/EtOAc 75/25 mixture as eluent, to furnish 

compound 1 as colorless oil (1.12 g, 99%). Its spectroscopic data were in concordance with those 

described in bibliography.[S1]  

Compound 2 

Compound 1 (90 mg, 0.14 mmol) was dissolved in 1% piperidine and 1% DBU in DMF (2.8 mL). The 

reaction mixture was stirred for 3 hours at room temperature until the Fmoc deprotection was 

completed (followed by TLC). The solvent was removed under reduced pressure to give compound 

2 as yellowish oil (assumed quantitative yield), and the crude material was used in the next step 

reaction without further purification. Its spectroscopic data were in concordance with those described 

in bibliography.[S1] 

Compound 3 

EDCI·HCl (71 mg, 0.37 mmol) was added to a solution of D-biotin (75 mg, 0.31 mmol) and N-

hydroxysuccinimide (39 mg, 0.34 mmol) in DMF at 0 ºC. The reaction mixture was stirred at room 

temperature for 24 hours. Afterwards, solvent was removed to obtain a solid. Finally, the solid was 

washed several times with methanol to furnish compound 3 as a white solid (96 mg, 90%). Its 

spectroscopic data were in concordance with those described in bibliography.[S1]   

Compound 4 

Compounds 2 (46 mg, 0.110 mmol), 3 (25 mg, 0.073 mmol), and 2 drops of Et3N were dissolved in 

DMF (5 mL) and the reaction mixture was stirred overnight. Afterwards, the residue was diluted in 

DCM and washed by water. The organic phase was dried over anhydrous MgSO4 and concentrated 

under reduced pressure. The crude was purified by column chromatography on silica gel using a 

gradient elution, from CHCl3 to CHCl3/MeOH 90/10, to furnish compound 4 as colorless oil (45 mg, 

96%). Its spectroscopic data were in concordance with those described in bibliography.[S1]   
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Compound 5 

To a solution of compound 4 (120 mg, 0.19 mmol) in DCM (2 mL) TFA (0.30 mL, 4.00 mmol) was 

added dropwise at 0 ºC. The reaction was stirred at room temperature for 4 hours until it was 

completed (followed by TLC). Then, the solvent and excess of TFA were removed under reduced 

pressure and the crude was dissolved in a mixture DCM/MeOH 1/1 and Amberlyst® A21 was added. 

The mixture was stirred at room temperature for 1 hour. Afterwards, the mixture was filtered off, and 

the solvent was removed under reduced pressure, to furnish the unprotected amine 5, which was 

used in the next step without further purification. Its spectroscopic data were in concordance with 

those described in bibliography.[S1]   

Compound 6 

Compound 5 (49 mg, 0.09 mmol) and 1 drop of Et3N were dissolved in dry THF (1 mL) at 0 ºC, then 

maleic anhydride (9 mg, 0.093 mmol) dissolved in dry THF (0.4 mL) was dropwise added under inert 

atmosphere and the mixture was stirred at room temperature overnight. Afterwards, the solvent was 

removed under reduced pressure. The crude was purified by column chromatography on silica gel 

using a gradient elution, from DCM to DCM/MeOH 90/10 to DCM/MeOH/NH3 80/20/0.2, to furnish 

compound 6 as yellowish oil (59 mg, 90%). Its spectroscopic data were in concordance with those 

described in bibliography.[S1]    

Compound 7 

2,2-diphenylethanol (1 g, 5.26 mmol) and 1 drop of Et3N were dissolved in dry DCM (53 mL) and a 

solution of succinic anhydride (584 mg, 5.83 mmol) in DCM (15 mL) was added dropwise for 30 

minutes and the mixture was stirred at room temperature overnight. Afterwards, the solvent was 

removed under reduced pressure. The crude was purified by column chromatography on silica gel 

using a hexane/EtOAc 70/30 mixture as eluent, to furnish the compound 7 as white solid (1.2 g, 76%). 

Its spectroscopic data were in concordance with those described in bibliography.[S1]    

Compound 9 

 

To a suspension of carboxylic acid 7 (57 mg, 0.19 mmol) in anhydrous DCM (2 mL) under N2 

atmosphere, commercially sourced O-(2-aminoethyl)-O′-[2-(Boc-amino)ethyl]decaethylene glycol (8, 

100 mg, 0.15 mmol) and DMAP (25 mg, 0.20 mmol) were added, and the solution was stirred at 0 ºC 

for 10 minutes. Afterwards, EDCI·HCl (40 mg, 0.20 mmol) was added at 0 ºC and the reaction was 

stirred at room temperature for 24 hours. Next, the mixture was washed with 1 M HCl (2 x 100 mL), 

NaHCO3 (sat. aq.) (2 x 100 mL) and brine (1 x 100 mL). The organic phases were dried over 

anhydrous MgSO4 and concentrated under reduced pressure. The crude was purified by column 
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chromatography on silica gel using a CHCl3/MeOH 95/5 mixture as eluent, to give compound 9 as 

yellowish oil (125 mg, 90%). 1H NMR (400 MHz, CDCl3, 298 K) δ = 7.34 – 7.14 (m, 10H, Ar-H), 6.33 

(br, 1H, NHe), 5.11 (br, 1H, NHf), 4.62 (d, J = 7.6 Hz, 2H, Hb), 4.35 (t, J = 7.6 Hz, 1H, Ha), 3.63 (m, J 

= 5.6 Hz, 40H, PEG-H), 3.51 (m, 4H, PEG-H), 3.40 (m, 2H, PEG-H), 3.30 (m, 2H, PEG-H), 2.56 (t, J 

= 7.0 Hz, 2H, Hc), 2.37 (t, J = 7.0 Hz, 2H, Hd), 1.44 (s, 9H, Hg). 13C NMR (100 MHz, CDCl3, 298 K) δ 

= 172.7 (C=O), 171.3 (C=O), 156.0 (C=O), 141.1 (C), 128.6 (CH), 128.2 (CH), 126.8 (CH), 79.1 (CH2), 

70.6 (CH2), 70.2 (CH2), 69.8 (CH2), 66.8 (CH2), 49.8 (CH), 40.4 (CH2), 39.3 (CH2), 30.7 (CH2), 29.5 

(CH2), 28.5 (CH). HRMS (APCI) calculated for C47H77N2O16 [M+H]+ 925.5268, found 925.5244. 

Compound 10 

 

To a solution of compound 9 (110 mg, 0.12 mmol) in DCM (2 mL) TFA (0.30 mL, 4.00 mmol) was 

added dropwise at 0 ºC. The reaction was stirred at room temperature for 4 hours until it was 

completed (followed by TLC). Then, the solvent and excess of TFA were removed under reduced 

pressure and the crude was dissolved in a mixture DCM/MeOH 1/1 and Amberlyst® A21 was added. 

The mixture was stirred at room temperature for 1 hour. Afterwards, the resin was filtered, and the 

solvent was removed under reduced pressure, to give the unprotected amine 10, which was used in 

the next step without further purification. 

Thread 11 

 
 

To a suspension of carboxylic acid 6 (85 mg, 0.13 mmol) in dry DCM (10 mL) under N2 atmosphere, 

the amine 10 (107 mg, 0.12 mmol) and DMAP (23 mg, 0.19 mmol) were added, and the solution was 

stirred at 0 ºC for 5 minutes. Afterwards, EDCI·HCl (37 mg, 0.19 mmol) was added at 0 ºC and the 

reaction was stirred at room temperature for 24 hours. Next, the mixture was washed with 1 M HCl (2 

x 100 mL), NaHCO3 (sat. aq.) (2 x 100 mL) and brine (1 x 100 mL). The organic phase was dried over 

anhydrous MgSO4 and concentrated under reduced pressure. The crude was purified by column 

chromatography on silica gel using a gradient elution, from DCM/MeOH 95/5 to 90/10, to give (Z/E 

55/45)-thread 11 as colourless oil (112 mg, 60%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ = 9.79 (d, 
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J = 7.0 Hz, 0.5H, NH-Z-isomer), 9.06 (t, J = 5.6 Hz, 0.5H, NH-Z-isomer), 8.66 (d, J = 7.1 Hz, 0.5H, 

NH-E-isomer), 8.50 (t, J = 5.7 Hz, 0.5H, NH-E-isomer), 7.87 (t, J = 5.6 Hz, 1H, NH), 7.70 (m, J = 4.7 

Hz, 1H, NH), 7.41 – 7.24 (m, 16H, Ar), 7.26 – 7.13 (m, 4H, Ar), 6.87 (d, J = 15.2 Hz, 0.4 H, Hr or Hs 

of E-isomer), 6.82 (d, J = 15.2 Hz, 0.4 H, Hr or Hs of E-isomer), 6.41 (br, 1 H, Ha), 6.34 (br, 1 H, Hb), 

6.21 (d, J = 13.1 Hz, 0.5 H, Hr or Hs of Z-isomer), 6.07 (d, J = 13.1 Hz, 0.5 H, Hr or Hs of Z-isomer), 

4.73 (dd, J = 10.7, 8.2 Hz, 1H, Hp or Hp´), 4.56 (m, 3H, Hp´ or Hp, Hv), 4.43 – 4.22 (m, 3H, Hc, Hq, Hw), 

4.12 (m, 2H, Hd, Ho), 3.50 (m, 44H, PEG-H), 3.37 (t, J = 5.9 Hz, 2H, PEG-H), 3.16 (dd, J = 11.5, 5.8, 

Hz, 2H, PEG-H), 3.08 (m, 1H, Hf), 2.91 (m, 2H, Hk), 2.81 (dd, J = 12.4, 5.1 Hz, 1H, He or He´), 2.60 (d, 

J = 14.1 Hz, 1 H, He´ or He), 2.37 (t, J = 7.0 Hz, 2H, Hu), 2.27 (t, J = 6.7 Hz, 2H, Ht), 2.04 (t, J = 7.4 

Hz, 2H, Hj), 1.68 – 1.09 (m, 12H, Hg+h+i+l+m+n). 13C NMR (100 MHz, DMSO-d6, 298 K) δ = 172.3 (C=O), 

171.8 (C=O), 171.5 (C=O), 170.6 (C=O), 162.7 (C=O), 141.5 (C), 141.3 (C), 141.2 (C), 128.5 (CH), 

128.0 (CH), 126.6 (CH), 69.8 (CH2), 69.6 (CH2), 69.1 (CH2), 66.4 (CH2),66.0 (CH2), 61.0 (CH), 59.2 

(CH), 55.4 (CH), 49.2 (CH2), 35.2 (CH2), 29.6 (CH2), 28.9 (CH2), 28.8 (CH2), 28.2 (CH2), 28.0 (CH2), 

25.3 (CH2). HRMS (APCI) calculated for C76H109N6O20S [M+H]+ 1457.7412, found 1457.7401. 

Thread 12 

 

A solution of 11 (63 mg, 0.043 mmol) and 3 drops of piperidine in dry DCM (3 mL) was stirred at room 

temperature for 48 hours. Then, DCM was added, and the organic layer was washed twice with HCl 

1 M and dried over anhydrous MgSO4 and concentrated under reduced pressure to give thread 12 as 

yellowish oil (61 mg, 97%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ = 8.66 (d, J = 7.2 Hz, 1H, NH), 

8.51 (t, J = 5.7 Hz, 1H, NH), 7.87 (t, J = 5.5 Hz, 1H, NH), 7.71 (t, J = 5.3 Hz, 1H NH), 7.38 – 7.27 (m, 

16H), 7.21 (m, 4H), 6.87 (d, J = 15.3 Hz, 1H, Hr or Hs), 6.82 (d, J = 15.3 Hz, 1H, Hs or Hr), 6.41 (br, 

1H, Ha), 6.34 (br, 1H, Hb), 4.72 (dd, J = 10.9, 8.1 Hz, 1H, Hp or Hp´), 4.55 (m, 3H, Hp´ or Hp, Hv), 4.33 

(m, 3H, Hc, Hq, Hw), 4.13 (m, 2H, Hd, Ho), 3.58 – 3.42 (m, 44H, PEG-H), 3.37 (t, J = 5.9 Hz, 2H, PEG-

H), 3.17 (dd, J = 11.5, 5.9 Hz, 2H, PEG-H), 3.09 (m, 1H, Hf), 2.91 (m, 2H, Hk), 2.81 (dd, J =12.4, 5.1 

Hz, 1H, He or He´), 2.57 (d, J = 12.4 Hz, 1H, He´ or He), 2.37 (t, J = 6.8 Hz, 2H, Hu), 2.27 (t, J = 6.8 Hz, 

2H, Ht), 2.04 (t, J = 6.8 Hz, 2H, Hj), 1.68 – 1.09 (m, 12H, Hg+h+i+l+m+n). 13C NMR (100 MHz, DMSO-d6, 

298 K) δ = 172.3 (C=O), 171.8 (C=O), 171.6 (C=O), 170.6 (C=O), 163.8 (C=O), 163.7 (C=O), 162.7 

(C=O), 141.5 (C), 141.3 (C), 141.2 (C), 128.5 (CH), 127.9 (CH), 126.6 (CH), 69.8 (CH2), 69.6 (CH2), 

69.1 (CH2), 68.9 (CH2), 66.4 (CH2), 66.0 (CH2), 61.0 (CH), 59.2 (CH), 55.4 (CH), 52.3 (CH2), 49.2 
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(CH2), 35.2 (CH2), 30.3 (CH2), 29.6 (CH2), 28.9 (CH2), 28.8 (CH2), 28.2 (CH2), 28.0 (CH2), 25.3 (CH2), 

22.6 (CH2). HRMS (APCI) calculated for C76H109N6O20S [M+H]+ 1457.7412, found 1457.7428. 

 

Figure S2: DFT calculations. The distance between the N terminal atom of the fumaramide station (green) 

and the O terminal atom of the succinic amide-ester station (orange) in thread 12 was  5.5 nm, as determined 

by DFT calculations. The polyethylene glycol spacer was commercially available as a mono-Boc-protected 

derivative (O-(2-Aminoethyl)-O′-[2-(Boc-amino)ethyl]decaethylene glycol), which facilitated the synthetic 

process compared to previous work of our laboratory.[S1] The Gaussian 09 program[S2] was used for geometry 

optimization. Energy minimization was performed at the density functional theory (DFT) B3LYP/6-31G(d,p) level 

of theory. The DFT optimized geometries were found to have zero imaginary frequencies. 

Compound 13 

5-aminoisophalic acid (2.5 g, 27.6 mmol) was dissolved in water (39 mL) at 0 ºC and 3 mL of 12 M 

HCl was added dropwise. NaNO2 was then dissolved in water and added dropwise to the mixture, 

which was stirred for 30 min. Afterwards, NaN3 was also dissolved in water and was added dropwise 

to the mixture. A yellow solid was formed, and gas evolution was observed. The mixture was stirred 

until gas evolution was no longer detected. The product was then filtered off, washed with distilled 

water, and dried under vacuum to get 5-azido-isophthalic acid (3.4 g, 60%). Next, oxalyl chloride (0.15 

mL, 1.95 mmol) was added to a stirred suspension of 5-azido-isophthalic acid (100 mg, 0.48 mmol) 

and 2 drops of DMF in DCM (2 mL). The reaction mixture was stirred until the product was totally 

solubilized. The solvent was then removed under reduced pressure and the crude was kept under 

vacuum for 3 hours to remove the oxalyl chloride excess. The crude product was used directly in the 

next step without further purification. Its spectroscopic data were in concordance with those described 

in bibliography.[S1]    

Compound 14 

To a solution of p-xylylenediamine (515 mg, 3.78 mmol) in CHCl3 (60 mL) at 0 ºC, a solution of Boc2O 

(413 mg, 1.89 mmol) in CHCl3 (45 mL) was added dropwise over a period of 4 hours. The mixture 

was stirred at room temperature overnight under an inert atmosphere. The resulting solid was filtered 

and washed with cold CHCl3. Next, solvent was removed under reduced pressure, and DCM and 

water were added to the remaining oil. The layers were separated, and the aqueous layer was 
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extracted with DCM. The organic phase was dried over anhydrous MgSO4 and concentrated under 

reduced pressure. The crude was purified by column chromatography on silica gel using a gradient 

elution, from DCM/MeOH 95/5 to 85/15 to give N-Boc-4-(aminomethyl)benzylamine (400 mg, 90%). 

On the other hand, 2,6-pyridinedicarboxylic acid (234 mg, 1.4 mmol) and 2 drops of DMF were 

dissolved in dry DCM at 0 ºC, then oxalyl chloride was added dropwise. The reaction mixture was 

stirred until the product was totally solubilized. The solvent was then removed, and the crude solid 

was dried under high vacuum for 2 hours. The acid chloride formed was dissolved in CHCl3 and added 

dropwise to a solution of the previously synthetized N-Boc-4-(aminomethyl)benzylamine, and Et3N in 

CHCl3. The reaction mixture was stirred overnight. Afterwards, the solvent was removed under 

reduced pressure and the remaining oil was dissolved in DCM and washed with water. The organic 

phase was dried over anhydrous MgSO4 and concentrated under reduced pressure. The crude was 

purified by column chromatography on silica gel using a gradient elution, from DCM/MeOH 95/5 to 

85/15 to give the Boc-protected precursor (400 mg, 90%). Finally, the Boc-protected precursor was 

dissolved in DCM at 0 ºC and TFA (0.30 mL, 4.00 mmol) was added dropwise at 0 ºC. The reaction 

was stirred at room temperature for 4 hours until it was completed (followed by TLC). Then, the solvent 

and excess of TFA were removed under reduced pressure and the crude was dissolved in a mixture 

DCM/MeOH 1/1 and Amberlyst® A21 was added. The mixture was stirred at room temperature for 1 

hour. Afterwards, the resin was filtered, and the solvent was removed under reduced pressure, to 

furnish the unprotected amine 19, which was used in the next step without further purification. Its 

spectroscopic data were in concordance with those described in bibliography.[S1]    

Molecular shuttle 15 

 

Thread 12 (30 mg, 0.02 mmol) and Et3N (0.1 mL, 0.72 mmol) were dissolved in 4 mL CHCl3 (stabilized 

with amylenes). The mixture was stirred vigorously whilst solutions of the diamine 14 (100 mg, 0.25 

mmol) in CHCl3 (3 mL) and the acid chloride 13 (61 mg, 0.25 mmol) in CHCl3 (3 mL) were 

simultaneously added over a period of 3 hours using motor-driven syringe pumps. After 12 hours, the 

solvent was removed under reduced pressure and the resulting residue was purified by column 
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chromatography on silica gel using a DCM/MeOH 92/8 mixture as eluent, to give the rotaxane 15 as 

colourless oil (15 mg, 46%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ = 9.60 (m, 2H, NH), 8.74 (d, J = 

6.8 Hz, 1H, NH), 8.53 (t, J = 5.6 Hz, 1H, NH), 8.34 (m, 1H, HA), 8.23 (m, 2H, HB), 7.91 (t, J = 4.6 Hz, 

1H, NH), 7.84 (m, 2H, NH), 7.71 (t, J = 5.5 Hz, 1H, NH), 7.22 (m, 23H, HG+H+Ar), 7.08 (m, 8H, HD+E), 

6.40 (br, 1H, Ha), 6.34 (br, 1H, Hb), 6.21 (m, 2H, Hr+s), 4.72 (dd, J = 10.9, 8.5 Hz, 1H, Hp or Hp´), 4.54 

(m, 7H, Hp´ or Hp, Hv and HC or HF), 4.45 – 4.22 (m, 7H, Hc, Hq, Hw and HC or HF), 4.11 (m, 2H, Hd, Ho), 

3.50 (m, 2H, PEG-H), 3.40 (m, 12H, PEG-H), 3.30 (m, 28H, PEG-H), 3.20 (m, 2H, PEG-H), 3.09 (m, 

5H, PEG-H and Hf), 2.93 (m, 2H, Hk), 2.80 (dd, J =12.4, 5.1 Hz, 1H, He or He´), 2.57 (d, J = 12.4 Hz, 

1H, He´ or He), 2.28 (t, J = 7.0 Hz, 2H, Hu), 2.16 (t, J = 7.0 Hz, 2H, Ht), 2.04 (t, J = 7.4 Hz, 2H, Hj), 1.48 

(m, 12H, Hg+h+i+l+m+n). HRMS (ESI) calculated for C107H134N14O24SNa [M+Na]+ 2053.9308, found 

2053.9285. 

 

Figure S3: ATR-FTIR of molecular shuttle 15. Band from azide group (-N3) appears at 2115 cm-1. 

A 1H NMR spectrum comparison between the thread 12 (Figure S4a) and the molecular shuttle 15 

(Figure S4b) was performed to corroborate its interlocked nature. 
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Figure S4. 1H NMR spectra (400 MHz, DMSO-d6, 298 K): a) thread 12; b) molecular shuttle 15. The molecular 

shift displacement of fumaramide signals (fum, in green) and succinic amide-ester signals (succ, in orange) is 

due to the different diamagnetic shielding effect of the macrocycle over both stations. The higher displacement 

in the fum signals means the macrocycle (in blue) spends more time over it under these experimental conditions. 
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Molecular shuttle-dsDNA hybrid 19. 

Figure S5. Preparation of the molecular shuttle-dsDNA hybrid 19. 

 

100 µM solutions of molecular shuttle 15 in DMF (75 µL) and ssDNA 16 (DBCO-PEG4-

GTTTGTAAGCCTGAT) in water (35 µL) were mixed and 100 µL of Milli-Q® water was added to a 

final volume of 210 µL. The mixture was stirred at room temperature overnight. Afterwards, the solvent 

was eliminated in a SpeedVacTM vacuum concentrator and the molecular shuttle-ssDNA hybrid 17 

was subsequently resuspended in 70 µL of Milli-Q® water. Next, 50 μM aqueous solutions of molecular 
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shuttle-ssDNA hybrid 17 (2 μL) and 100 µM oligonucleotide 18 (Phos-AGCTATCAGGCTTACAAAC) 

(1 μL) were mixed in 40 µL final volume of annealing buffer (20 mM Tris-HCl, 100 mM NaCl, 2 mM 

EDTA). The final mixture was incubated at 95 ºC for 5 minutes and then it was allowed to cool to 25 

ºC gradually. In this way, the molecular shuttle-dsDNA hybrid 19 which contains the molecular shuttle 

at its end was prepared. In the opposite end, the annealed dsDNA holds a protruding AGCT 5’ end, 

compatible with the 5’ protruding end produced in a HindIII digestion. 

3. NMR spectra. 

 
Figure S6: 1H NMR spectrum of compound 9 (400 MHz, CDCl3, 298 K). 
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Figure S7: 13C NMR spectrum of compound 9 (100 MHz, CDCl3, 298 K). 

 
Figure S8: 1H NMR spectrum of compound 11 (400 MHz, DMSO-d6, 298 K). 

 

 



S15 
 

 
Figure S9: 13C NMR spectrum of compound 11 (100 MHz, DMSO-d6, 298 K). 

 
Figure S10: 1H NMR spectrum of compound 12 (400 MHz, DMSO-d6, 298 K). 
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Figure S11: 13C NMR spectrum of compound 12 (100 MHz, DMSO-d6, 298 K). 

 
Figure S12: 1H NMR spectrum of compound 15 (400 MHz, DMSO-d6, 298 K). 
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4. High Resolution Mass Spectrometry. 

In each figure, the upper spectrum corresponds to the experimental isotopic distribution and the 

lower one corresponds to the theoretical isotopic distribution. 

 

Figure S13: HRMS (APCI) spectra of compound 9. 

 

Figure S14: HRMS (APCI) spectra of compound 11. 
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Figure S15: HRMS (APCI) spectra of compound 12. 

 

Figure S16: HRMS (ESI) spectra of compound 15. 
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5. Coupling of the molecular shuttle-dsDNA hybrid 19 to DNA handles. 

The molecular shuttle was connected between two functionalized beads using two dsDNA handles 

for optical tweezers experiments. The shorter 837 bp dsDNA handle that will connect the thread of 

the molecular shuttle to the micropipette-bead via streptavidin-biotin attachment was synthetized by 

PCR amplification of a section of the pUC19 vector with two DNA oligonucleotides: one labeled with 

biotin and the other with digoxigenin at the 5′-end. The handle was then incubated with saturating 

amounts of streptavidin and attached to anti-digoxigenin covered polystyrene micron-beads 

(Spherotech, Co). One of these beads is held by suction on top of a micropipette in the microfluidic 

chamber. 

On the other hand, a longer 2701 bp dsDNA handle connects the macrocycle to the bead in the optical 

trap. This handle was obtained from the pUC19 vector (Novagen) using restriction digestion with 

BamHI and HindIII endonucleases. In a single step, the digestion result was ligated at the BamHI end 

with a DNA segment labelled with numerous digoxigenin units,[S3] and at the HindIII end with molecular 

shuttle-dsDNA hybrid 19, which has 15 additional base pairs. 

The final molecular shuttle-dsDNA hybrid was then linked to anti-digoxigenin-coated beads 

(Spherotech Co.) and these diluted in the measurement buffer before being flowed into the fluidic 

chamber, where they can be manipulated using the optical trap. Individual molecular shuttle-dsDNA 

hybrids must be tethered after attaching the molecular shuttle's biotin end to the streptavidin unit at 

the extreme of the 837 bp dsDNA handle, which is in turn linked to the micropipette-bead. 

6. General considerations on optical tweezers experiments and analysis. 

Optical tweezers measurements were performed at 22 ± 1 °C with a highly stable miniaturized dual-

beam optical tweezers,[S4] with a limiting spatial resolution of ≤ 1 nm.  

Pulling-relaxing cycles were recorded at a constant pulling rate of 200 nm s-1. The setup controls the 

distance between the trap center and the micropipette tip (𝑋𝑡𝑜𝑡𝑎𝑙) which differs from the end-to-end 

distance of the tethered molecular system under consideration (𝑋𝑒𝑛𝑑−𝑒𝑛𝑑). The system's end-to-end 

distance is computed by the following formula: 

𝑋𝑒𝑛𝑑−𝑒𝑛𝑑 = 𝑋𝑡𝑜𝑡𝑎𝑙 −
𝐹

𝑘
    (equation S1) 

where 𝐹 is the force applied to the system, 𝑘 the stiffness of the trap, and 
𝐹

𝑘
 corresponds to the distance 

traversed (in nm) by the bead out of the trap center (bead position). We assume a linear spring 

restoring force. The stiffness of the trap depends on the power of the lasers, the size and refractive 

index of the bead in the trap as well as the viscosity of the surrounding medium. In our experimental 

conditions, for the 3 μm diameter beads employed and a laser power of 60 mW, the value of the 

stiffness is k = 0.135 ± 0.004 pN/nm. A feedback stabilized protocol was used for constant force 
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measurements, that maintain them within ~0.05 pN by moving the beads closer or further apart. All 

experimental data was recorded at 0.5 kHz. 

In this study, 8 individual molecular shuttles were analyzed. To conduct this, the optically trapped 

bead, decorated with the molecular shuttle, was positioned close to another bead held by a 

micropipette to facilitate a specific biotin-streptavidin interaction. This interaction tethered the 

molecular shuttle-dsDNA hybrid end-to-end in the experimental setup. Each molecular system was 

subjected to pulling- relaxing cycles. The resulting force-extension curves fitted well with a worm-like 

chain model (WLC) of a polymer, showing a persistence length of 50 nm, consistent with known 

values for dsDNA chains, thus confirming the single-molecule conditions (see section 7). 

Once single-molecule conditions were confirmed, we conducted hopping experiments using a force-

feedback protocol, applying various constant forces until the end-to-end attachments were disrupted. 

Working at this molecular scale is challenging, as the system could fail due to environmental 

mechanical disturbances or excessive forces that compromised anchoring points. From the total 

hopping traces obtained, 12 were selected for this study, each long enough to analyze, with forces 

ranging from 9 to 9.9 pN. Due to the statistical nature of the LTFT analysis, shorter traces (less than 

15 seconds) were excluded to ensure sufficient event transitions for meaningful statistical 

distributions. The raw hopping traces were baseline-corrected by fitting a polynomial function (of order 

1 to 3, depending on the trace). Unstable traces that did not fit well to a polynomial were also discarded 

from this analysis. The baseline correction algorithm, developed in Matlab, is available at 

https://hdl.handle.net/20.500.12614/3812. 

7. Pulling-relaxing cycles. 

Figure S17a displays a representative pulling-relaxing cycle (force-extension curve) taken in aqueous 

conditions at 20 mM Tris-HCl 150 mM NaCl by retraction of the optical trap at a constant velocity of 

200 nm s-1 at 22 ± 1 ºC. The black curve corresponds to the pulling cycle and the blue curve 

corresponds to the relaxing cycle. Individual molecular shuttle-dsDNA hybrid attachments must have 

a response in force-extension curves that fits to a worm-like chain model (WLC, equation S2) 

describing the elastic properties of the dsDNA handles: 

𝑥 = 𝐿𝑐 ∙ [1 −
1

2
∙ √

𝐾𝐵𝑇

𝐹∙𝐿𝑝
+
𝐹

𝑆
]        (equation S2) 

where 𝑥 and 𝐹 are the extension and force; 𝐿𝑐 = 0.34 ∙ 𝑏𝑝 is the contour length (being bp the number 

of base pairs), 𝐿𝑝 the persistence length, 𝑆 the stretching modulus, and 𝐾𝐵𝑇 = 4.114 𝑝𝑁 ∙ 𝑛𝑚 =

0.14 
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
 .[S5]  

Green and orange lines in Figure S17a are fittings to the WLC before shuttling from fum to succ and 

after shuttling from succ to fum station, respectively. At low pulling forces the force-extension curves 

fit well to a WLC of a polymer with 𝐿𝑝 = 50 𝑛𝑚 and 𝑆 = 1100 𝑝𝑁, characteristic of a single dsDNA 

https://hdl.handle.net/20.500.12614/3812
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molecule (green curve, equation S2).[S6] After the shuttling, the experimental data have been adjusted 

to a modified model considering a WLC response (equation S2 for the dsDNA handles) plus a 

constant Δ𝑥  accounting for the displacement of the curve due to the shuttling of the macrocycle 

between stations within the molecular shuttle. The obtained value of Δ𝑥 is 15.1 ± 0.1 nm (𝑁 = 59). 

The mechanical strength of the H-bonding interaction between macrocycle and stations as well as 

the coexistence force were determined from the histogram in Figure S17b, constructed with all the 

breaking forces gathered from 59 pulling-relaxing cycles of individual molecular shuttle-dsDNA 

hybrids. In Figure S17b, the gaussian distributions fitted to the breaking force histograms yield the 

rupture forces at each station (𝐹𝑠𝑢𝑐𝑐 in orange and 𝐹𝑓𝑢𝑚 in green). The coexistence force (𝐹1/2), 

calculated as the intersection point of both gaussian distributions (gray dashed line), is 9.4 ± 0.8 pN. 

The value of the calculated coexistence force is consistent with that of a similar molecular shuttle 

determined by us previously under similar experimental conditions.[S1]  Note that due to the stochastic 

nature of single molecule experiments, 𝐹𝑠𝑢𝑐𝑐 and 𝐹𝑓𝑢𝑚 are not constant values and exist as a 

probability distribution, i.e., different individual molecular shuttles show breaking forces at similar yet 

different values. Hence, the 𝐹1/2 calculated is a statistical parameter that represents an average value 

for all the molecules probed. Individually, a single molecular shuttle can show coexistence at higher 

or lower values. The value of 𝐹1/2 retrieved from pulling-relaxing experiments explained above 

matches the value obtained applying Bell-Evans theory to the hopping traces as detailed below 

(section 11). 

 

Figure S17: Pulling-relaxing cycles. a) Representative pulling-relaxing cycle of an individual molecular 

shuttle. Pulling curve is represented in black and relaxing curve in blue. Fitting to the WLC model is displayed 

by green and orange lines before shuttling from fum to succ and after shuttling from succ to fum station, 

respectively. b) Determination of breaking forces at each station. Orange (succ) and green (fum) histogram 

represent the breaking rupture forces gathered for each station in pulling-relaxing cycles of individual molecules 

at a pulling rate of 200 nm s-1 (N = 59). Each histogram fits to a gaussian distribution yielding: 𝐹𝑠𝑢𝑐𝑐  = 8.3 ± 0.7 

pN and 𝐹𝑓𝑢𝑚  = 10.7 ± 0.8 pN. The intersection between the two gaussian fits (grey dashed line) yields the 

coexistence force, 𝐹1/2 = 9.4 ± 0.7 pN. 
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8. Effect of DNA handles length on hopping experiments. 

The experimental shuttling distance recovered from hopping traces in the main text is 15.2 ± 0.8 nm, 

far from the theoretical maximum distance of 5.5 nm, calculated by DFT. Figure S18 displays hopping 

traces of the molecular shuttle-dsDNA hybrid using both 3538 bp (2701 upper + 837 lower) handles 

and 120 bp (60 bp upper + 60 bp lower) handles. The distance recovered between stations is 15.2 ± 

0.8 nm, and 5.3 ± 0.8 nm for long and short handles, respectively. Therefore, the length of the DNA 

handles used affects the measured extension, and shorter handles allow us to recover the theoretical 

values expected for distance between stations. The reason behind this effect is currently under 

investigation in our lab and might be related with a DNA stretching upon shuttling that contributes to 

the total measured distance.  

 

Figure S18: Effect of DNA handles length on experimental distance. a) Extension vs time traces of a 

molecular shuttle-dsDNA hybrid using a total number of base pairs in both handles of 3538 (left, 2701 bp top 

handle and 837 bp bottom handle) and 120 (right, 60 bp top handle and 60 bp bottom handle). Dashed lines 

indicate the center of the gaussian probability distributions at the fum (green) and succ (orange) stations. b) 

Normalized probability distributions of the traces in a. Black line corresponds to the experimental data and green 

and orange lines to gaussian fits for fum and succ, respectively. The distance between the gaussian distributions 

is 15.2 ± 0.8 and 5.3 ± 0.8 nm for long and short handles, respectively. 

 

In Figure S19 we include the calculation of 𝜏𝑡𝑝 as defined in the main text for long (a and b) and short 

handles (c and d). See section 9 for details on the calculation. The symmetry of 𝜏𝑡𝑝 in opposite 

directions is proven in both cases which confirms the LTFT principle, independently of the total 

distance change between stations. Experimentally, working with short handles is challenging due to 
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the small distance between beads that reduces drastically the success rate of tethering an individual 

shuttle. In this study we continued using the longer handles (2701 + 837 bp for top and bottom handle, 

respectively) for the shake of simplicity and to improve statistics and significance of our results, given 

that it does not affect the transition times calculations relevant in this work. 

 

Figure S19: Effect of DNA handles length on 𝝉𝒕𝒑. Extension vs time traces of a molecular shuttle-dsDNA 

hybrid with a total number of base pairs in both handles of a) 3538 (2701 bp top handle and 837 bp bottom 

handle) and c) 120 (60 bp top handle and 60 bp bottom handle). Pink and blue dots indicate the datapoints 

within transition events from succ to fum, and fum to succ stations, respectively. The spatial limits for 𝜏𝑡𝑝  are 

chosen as half of the mean position of fum and succ stations (exact values indicated in legend). The 

corresponding distribution of 𝜏𝑡𝑝 are represented in b) hopping  trace at coexistence (equivalent to Figure 2) 

and d) 5 hopping traces analyzed at coexistence for long and short dsDNA handles, a) and c), respectively. 

9. Calculation of transition times and quantification distribution symmetry. 

The calculation of transit time (or LTFT) depicted in Figures 2-3 in the main text (also Figures S19, 

S22 and S123 in this document) requires only the definition of starting and final points a and b (or 

boundaries) describing the trajectory of the macrocycle within the axel to be analyzed. For a given 

hopping trace (extension vs time traces at constant force), we check the number of data points (or 

time) that it takes to go from a to b and from b to a (blue and pink dots, respectively, in Figures 2-3 

in the main text). This is automatically done through a Matlab algorithm that first identifies the 

datapoints at which the trace crosses the defined boundaries, and then computes the successful 

transitions in both directions a→b and b→a. A transition is considered successful only when there is 
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a direct displacement between a and b (or b and a), i.e. after crossing the starting point, a, the trace 

goes to b without returning to a (vice versa for b→a). After computing all the existing transitions, a→b 

and b→a, the distributions are plotted as histograms that show symmetry (as discussed in main text 

and further explored in section 10 and 12), with almost identical values for mean and median. 

To test the equality between distributions (and identify any possible variance) we independently 

performed a two-sample Kolmogorov-Smirnov test (K-S) and a Mann-Whitney U-test (M-W) for each 

set of transition times calculated.[S7-S9] These non-parametric tests are designed to find statistically 

significant differences between population distributions and we include a power estimation that 

considers the actual number of transitions measured experimentally, their mean and standard 

deviations, an effect size of 0.5 times the standard deviation and a significance level of 95%. The 

power estimates the likelihood that the test will detect a true difference between distributions if it 

exists, and we consider power values above 80% in either of the tests performed, sufficient to claim 

symmetry. We use the build-in functions in Matlab ‘kstest2’ and ‘ranksum’, for the K-S and M-W 

tests, respectively, and a simulation for the calculation of powers. The analysis procedure, including 

the calculation of transition times and significance tests are freely available at 

https://hdl.handle.net/20.500.12614/3812. 

10. Significance test for transit times distributions (𝝉𝒕𝒑). 

The distributions of 𝜏𝑡𝑝 presented in Figure 2 of main text are symmetric for opposite paths (a → b 

and b → a) in all cases. Table S1 summarizes the main statistical parameters where mean and median 

values are equal within error. Additionally, K-S and M-W Tests confirm the symmetry of the 

distributions, with p-values above 0.03 in all cases (a p-value below 0.03 sets the limit at which the 

test detect significant differences between distributions) except for the M-W Test at 9.1 pN (first 

column in table). Since the K-S test confirms symmetry with 97% power and means and median are 

equal within error, we conclude that the failure of the M-W test in this case is not significant, or 

representative of an overall trend observed when all the traces are considered. Additionally, note that 

the power estimation for the trace at 9.5 pN does not reach the 80% limit in any of the test, due to the 

small number of events (n), that decrease the detection efficiency. Still, identical values of mean and 

medians support the claim of symmetry in this case. 

 

 

 

 

 

 

 

https://hdl.handle.net/20.500.12614/3812
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Force (pN) 9.1 9.3 9.4 9.5 9.9 

Boundaries (a⇄b, nm) -3.68 ⇄ 3.68 -3.97 ⇄ 3.97 -4.14 ⇄ 4.14 -4 ⇄ 4 -3.9 ⇄ 3.9 

𝝉𝒕𝒔(𝒂 → 𝒃) 

n 156 1075 108 53 66 

Mean (ms) 8.2 9.3 7.1 4.6 9.8 

Median (ms) 8 8 6 4 10 

St. Dev. (ms) 4.1 4.1 3.5 1.8 4.7 

𝝉𝒕𝒔(𝒃 → 𝒂) 

n 155 1075 108 54 67 

Mean (ms) 7.4 9.1 6.3 4.6 8.5 

Median (ms) 6 8 6 4 8 

St. Dev. (ms) 4.5 4.1 3.2 3 4.5 

K-S Test 
p-val 0.2 0.55 0.72 0.75 0.63 

power 97% 100% 89% 60% 67% 

M-W Test 
p-val 0.028 0.22 0.85 0.19 0.09 

power 99% 100% 95% 70% 80% 

Table S1. Statistical parameters retrieved from the 𝝉𝒕𝒑 distributions shown in Figure 2. Boundaries a and 

b are defined as half the mean value of the position of fum and succ stations, respectively; n corresponds to the 
number of events (transitions) counted for each trajectory; St. Dev. Is the standard deviation. K-S and M-W 
stand for Kolmogorov-Smirnov and Mann-Whitney tests. Values in red indicate low detection efficiency (or 
power) or failure passing symmetry tests. 

11. Constant force experiments (hopping experiments). 

In constant force measurements (force feedback mode) we monitor thousands of individual shuttling 

events in real time. The population distribution at each station is well described by gaussian probability 

distributions where the shuttling dynamics of the macrocycle is inferred by measuring the change in 

molecular extension (Figure S18). To obtain the shuttling rates for fum and succ stations, we first 

calculate the residence times at each station for several forces. An example of this procedure is 

depicted in Figure S20 for three different forces. According to the Bell-Evans theory for a bistable 

system under near-equilibrium conditions,[S10,S11] the histograms of residence times obtained for each 

station can be fitted to an exponential decay whose decay constant is the shuttling rate (𝑘𝑓𝑢𝑚 and 

𝑘𝑠𝑢𝑐𝑐), which is the inverse of the residence time of the macrocycle at each station. The values for 𝑘 

for each station and trace are summarized in Table S2. 

 𝑭 < 𝑭𝟏/𝟐 𝑭 ≈ 𝑭𝟏/𝟐 𝑭 > 𝑭𝟏/𝟐 

𝒌 (s-1) 
𝑘𝑠𝑢𝑐𝑐 13.9 ± 1.7 9 ± 1 2.9 ± 0.5 

𝑘𝑓𝑢𝑚 3.0 ± 0.6 5.3 ± 0.7 41 ± 10 

Table S2. Summary of shuttling rates at 3 different constant forces. 



S26 
 

From experiments performed at several forces close to the 𝐹1/2, the obtained shuttling rates show an 

exponential dependence on force and fit well to the Bell-Evans model along the entire range of forces 

measured, confirming the shuttling occurs under near-equilibrium conditions. Therefore, by plotting 

the natural logarithm of the shuttling rates as a function of force, the intersection of the two linear fits 

renders 𝐹1/2 ≈ 9.4 pN (Figure S20d), which fully agrees with that extracted from the pulling-relaxing 

cycles (9.4 ± 0.7 pN, section 7). 

 

 

Figure S20: Examples of residence time distributions at different constant forces. Green (orange) 

histograms represent the values for the macrocycle at the fum (succ) station and black lines fit the exponential 

behavior of the residence time at each station: a) 𝐹 = 9.0 pN < 𝐹1/2, as expected for forces below coexistence, 

the macrocycle spends longer times over the fum station; b) 𝐹 = 9.4 pN ≈ 𝐹1/2 where both histograms overlap; 

c) 𝐹 = 9.9 pN > 𝐹1/2, as expected for forces above coexistence, the macrocycle spends longer times over the 

succ station. d) Dependence of shuttling rates with force. As expected from the Bell-Evans model, the shuttling 

rates from fum to succ station, 𝑘fum (green), and the backward rates, 𝑘succ (orange), vary exponentially with 

force. The intersection point between both linear fits renders the coexistence force, 𝐹1/2 ≈ 9.4 pN (N = 8). 

 

The transit times calculated in the main text and reported in Figure 2 do not determine the shuttling 

or kinetic rates between stations. These rates are mainly defined by the lifetime of the macrocycle at 

each station,[S12,S13] which are 1-2 orders of magnitude longer than the transit-path times, depending 

on the force applied (compare Figure S19b and d with Figure S20a-c).  

The shuttling rates are strongly asymmetric if one state is thermodynamically favorable over the other, 

as in conditions when force is higher or lower than 𝐹1/2, (Figure S20d). These shuttling rates are 

related with 𝜏𝑡𝑝 following the relation:[S14]  
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𝜏𝑡𝑝 =
𝑝[𝑡𝑝]

2𝑘𝑓𝑢𝑚𝑃𝑓𝑢𝑚
= 𝑝[𝑡𝑝]

2𝑘𝑠𝑢𝑐𝑐𝑃𝑠𝑢𝑐𝑐
    (equation S3) 

where 𝑘𝑓𝑢𝑚 and 𝑘𝑠𝑢𝑐 are the rates for fum and succ stations (Table S2), respectively; 𝑃𝑓𝑢𝑚 and 𝑃𝑠𝑢𝑐𝑐 

are the equilibrium probabilities to be in the fum or succ station; and 𝑝[𝑡𝑝] is the fraction of time spent 

on transition paths from the total time of the trace. We retrieved 𝑘 and 𝑃 from the extension trajectories 

at different forces and calculated 𝜏𝑡𝑝 following equation S3 (Figure S21). The values obtained are 

relatively close to the ones measured experimentally from the extension-time trajectories (𝑏 → 𝑎: 7.1 

± 3 ms, and 𝑎 → 𝑏: 6.3 ± 3 ms, Figure 2 in main text, and Table S1). Note that the values obtained 

in Figure 2 are dependent on the boundaries 𝑎 and 𝑏 defining the transition state, and that were 

chosen somehow arbitrarily.  

 

Figure S21: Calculation of 𝛕𝐭𝐩 from equation S3. The values of 𝜏𝑡𝑝 retrieved in Figure 2 of main text match 

to those calculated using equation S3 assuming kinetic rates and occupation probabilities at each station 

(orange and green dots, for succ and fum stations, respectively). 

12. Generality of symmetry in transition path distributions 

According to the principle of microscopic reversibility, at equilibrium each individual reaction occurs 

in such a way that the forward and reverse rates are equal. This implies that the number of datapoints 

(or time) must be equal for opposite trajectories (a→b and b→a). The relation 𝜏𝐿𝑇𝐹𝑇(𝑎 → 𝑏) =

𝜏𝐿𝑇𝐹𝑇(𝑏 → 𝑎) should hold independently of the boundaries a and b chosen, as well as the experimental 

parameters (such as constant force).  

Effect of constant force on the LTFT symmetry: 

As shown in Figure 3 in the main text, the distributions of 𝜏𝐿𝑇𝐹𝑇 are symmetric at 𝐹1/2, but also at 

lower and higher forces, where the equilibrium is shifted towards the fum or succ stations, 

respectively. Table S3 displays the results of the significance tests where, in general, for the 5 forces 

evaluated, we obtain positive results of the K-S and M-W tests, indicating that no significance 
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differences are found between LTFT time distributions in opposite directions (see section S7 for 

details on the test implementation). The case of 9.05 pN fails to pass the K-S test, but it does pass 

the M-W test and has identical values for median and mean, considering the standard deviations. For 

9.49 and 9.88 pN the tests are successful, but they return low prediction powers, due to the small 

number of events (n) forming the histograms. 

Force (pN) 9.05 9.33 9.42 9.49 9.88 

Boundaries (a⇄b, nm) 
-8 ⇄ 8 

 

𝝉𝑳𝑻𝑭𝑻(𝒂 → 𝒃) 

n 113 883 100 44 54 

Mean (ms) 30 25.5 19.8 13.6 28.9 

Median (ms) 26 22 16 12 26 

St. Dev. (ms) 14 14 11 7.6 13 

𝝉𝑳𝑻𝑭𝑻(𝒃 → 𝒂) 

n 112 884 100 45 55 

Mean (ms) 28 26 17.7 14.6 26.9 

Median (ms) 26 22 16 10 26 

St. Dev. (ms) 18 14 8.2 10 12 

K-S Test 
p-val 0.05 0.59 0.55 0.21 0.68 

power 87% 100% 87% 49% 61% 

M-W Test 
p-val 0.1 0.38 0.4 0.67 0.49 

power 95% 100% 93% 62% 73% 

Table S3. Statistical parameters retrieved from the 𝝉𝑳𝑻𝑭𝑻 distributions shown in Figure 3 (main text). n 
corresponds to the number of events (transitions) counted for each trajectory, St. Dev. Is the standard deviation. 
K-S and M-W stand for Kolmogorov-Smirnov and Mann-Whitney tests. Values in red indicate low detection 
efficiency (or power) or failure passing symmetry tests. 

Another example of symmetry holding at different applied forces is presented in Figure 2 and section 

10, in this case evaluating narrower boundaries covering the distance between half of the mean 

positions of fum and succ stations. Again, the symmetry is generally demonstrated independently from 

the force, and hence we conclude that it is a general property. 

Effect of boundaries on the LTFT symmetry: 

The choice of boundaries a and b should not affect the symmetry of the 𝜏𝐿𝑇𝐹𝑇 distributions. Indeed, in 

Figure S22, we include the demonstration of the LTFT principle for generic cases where a and b are 

symmetrically chosen (with respect to extension 0 nm) in the fum and succ stations, respectively, with 

varying distance between them ranging from 4 to 28 nm. Since the number of successful transitions 

(section 9) depends on the boundaries (the larger the distance between a and b the less successful 
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transitions within the trace), for this analysis we chose the longest trace available (F = 9.33 pN) in 

order to increase statistical events and significance of the results. For all cases shown in Figure S22, 

(top panels include a 1s portion of the trace with representative transitions while bottom panels shown 

the corresponding 𝜏𝐿𝑇𝐹𝑇 distributions), 𝜏𝐿𝑇𝐹𝑇 show symmetry for forward and backward transitions, 

confirmed by the statistical significance tests results (Table S4). 

The symmetry of 𝜏𝐿𝑇𝐹𝑇 (and LTFT principle) holds also when the boundaries are chosen 

asymmetrically (Figure S23, and Table S5 for significance test) to display a transition within the fum 

(b, f) or succ stations (a, e), or a transition from fum to succ not symmetric to the center (c, g and d, 

h). Note that panels e and h in Figure S23 do not pass the Kolmogorov-Smirnov test (Table S5), 

however, they do pass Mann-Whitney U-test and present identical mean and medians within noise 

level. 

Last, while the results discussed in this section relate to the same trace acquired at 9.33 pN, changing 

the boundaries a and b does not affect the symmetry of 𝜏𝐿𝑇𝐹𝑇 at any force, as can be inferred for the 

other examples presented in this work by comparing Figure 3 in main text with Figure S19 in section 

8. 

Figure S22: Calculation of LTFT time distributions for varying symmetric boundaries at force 9.33 pN. 
Top: 1 second trace segment with datapoints corresponding to a→b and b→a transitions indicated in blue and 
pink, respectively (dashed horizontal lines indicate the boundaries, and solid black line corresponds to the data) 
for a and b: a) ± 2 nm; b) ± 2 nm; c) ± 7 nm; d) ± 10 nm; and d) ± 14 nm. f)-j) Corresponding distributions of 

𝜏𝐿𝑇𝐹𝑇 showing symmetry between a → b and b → a in all cases. Statistical significance tests results are detailed 
in Table S4. 
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Boundaries (a⇄b, nm) -2 ⇄ 2 -4 ⇄ 4 -7 ⇄ 7 -10 ⇄ 10 -14 ⇄ 14 

𝝉𝑳𝑻𝑭𝑻(𝒂 → 𝒃) 

n 1281 1073 929 757 269 

Mean (ms) 5 9.5 19.6 48.3 287 

Median (ms) 4 8 18 40 220 

St. Dev. (ms) 2.6 4.3 9.4 29.8 224 

𝝉𝑳𝑻𝑭𝑻(𝒃 → 𝒂) 

n 1281 1074 930 758 270 

Mean (ms) 5 9.2 19.8 48.3 291 

Median (ms) 4 8 18 40 233 

St. Dev. (ms) 2.6 4.1 10.7 30.7 239 

K-S Test 
p-val 0.99 0.51 0.90 0.91 0.47 

power 100% 100% 100% 100% 100% 

M-W Test 
p-val 0.6 0.60 0.97 0.80 0.64 

power 100% 100% 100% 100% 100% 

Table S4. Statistical parameters retrieved from the 𝝉𝑳𝑻𝑭𝑻 distributions shown in Figure S22. Values 
correspond to varying symmetric boundaries in the trace acquired at 9.33 pN. n corresponds to the number of 
events (transitions) counted for each trajectory; St. Dev. is the standard deviation. K-S and M-W stand for 
Kolmogorov-Smirnov and Mann-Whitney tests. 

 

Figure S23: Calculation of LTFT time distributions varying asymmetric boundaries at force 9.33 pN. Top: 
2 seconds trace segment with datapoints corresponding to a→b and b→a transitions indicated in blue and pink, 
respectively (dashed horizontal lines indicate the boundaries, and solid black line corresponds to the data) for: 

a) 0 ⇄ 15 nm; b) -15 ⇄ 0 nm; c) -14 ⇄ 2 nm; d) -5 ⇄ 14 nm. e)-h) Corresponding distributions of 𝜏𝐿𝑇𝐹𝑇 showing 
symmetry between a → b and b → a in all cases. Statistical significance tests results are detailed in Table S5. 
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Boundaries (a⇄b, nm) 0⇄15 -15⇄0 -14⇄2 -5⇄14 

𝝉𝑳𝑻𝑭𝑻(𝒂 → 𝒃) 

n 364 288 476 477 

Mean (ms) 84 120 98 79.6 

Median (ms) 59 82 70 58 

St. Dev. (ms) 73 121 93 65 

𝝉𝑳𝑻𝑭𝑻(𝒃 → 𝒂) 

n 364 289 477 478 

Mean (ms) 82 119 105 76.5 

Median (ms) 60 84 74 58 

St. Dev. (ms) 76 112 98 66 

K-S Test 
p-val 0.04 0.75 0.06 0.012 

power 100% 100% 100% 100% 

M-W Test 
p-val 0.23 0.57 0.09 0.11 

power 100% 100% 100% 100% 

Table S5. Statistical parameters retrieved from the 𝝉𝑳𝑻𝑭𝑻 distributions shown in Figure S23. Values 
correspond to varying asymmetric boundaries in the trace acquired at 9.33 pN. n corresponds to the number of 
events (transitions) counted for each trajectory, St. Dev. Is the standard deviation. K-S and M-W stand for 
Kolmogorov-Smirnov and Mann-Whitney tests. Values in red indicate failure in passing corresponding symmetry 
tests. 

13. Bier-Astumian relation: energy landscapes. 

Following the Bier-Astumian relation (below and eq. 1 in main text) we calculate the energy landscape 

∆𝐺 (Figure 4 in main text) of our system by analyzing the trajectories of the macrocycle along the 

axel at different forces and regimes. In particular, we calculate the probability 𝑃[𝑎 → 𝑏, Δ𝑡] as the 

probability of the macrocycle reaching a spatial point b starting at a within a time interval Δ𝑡. 𝑃[𝑏 →

𝑎, Δ𝑡] is the probability of reaching the extension a within the time interval Δ𝑡 after crossing b.[S15] In 

order to compute the energy landscape ∆𝐺 as a function of extension (Figure 4 in main text), one 

needs to compute the mentioned probabilities at different values of b, i.e.:  

𝑃[𝑎→𝑏,Δ𝑡]

𝑃[𝑏→𝑎,Δ𝑡]
≈ 𝑒𝑥𝑝 (

−Δ𝐺(𝑏)

𝑘𝐵𝑇
)           (equation S4) 

We developed a MatLab code that computes both probabilities and the resulting ∆𝐺 automatically. 

This code is openly available at https://hdl.handle.net/20.500.12614/3812. 

 The inputs for the calculation are: 

 𝑎 : starting point (extension), several values of a can be computed iteratively 

 𝑏 : end point (extension), several values of b can be computed iteratively 

 ∆𝑥: extension interval  

https://hdl.handle.net/20.500.12614/3812


S32 
 

 ∆𝑡: time interval 

The probabilities 𝑃(𝑎 → 𝑏, ∆𝑡) and 𝑃(𝑏 → 𝑎, ∆𝑡), are calculated for each pair of values 𝑎 and 𝑏 in an 

iterative manner. Starting with a hopping trace (extension, x, vs time, t), we find the times at which 

the trace passes through the extension value  (𝑥 = 𝑎, 𝑡 = 𝑡𝑎). To do so, we find the datapoints within 

the space interval 𝑎 ± ∆𝑥 i.e. 𝑥 ∈ (𝑎 − ∆𝑥, 𝑎 + ∆𝑥) (since experimental traces are limited by an 

acquisition rate of 0.5 kHz, the trace can pass through a without having a datapoint exactly at that 

value). In our analysis, ∆𝑥 has been chosen 0.3 nm. Next, we examine the datapoints within the time 

interval ∆𝑡 following each 𝑡𝑎 value found in the previous step, ie. 𝑡 ∈ (𝑡𝑎 , 𝑡𝑎 + ∆𝑡), and investigate the 

extension values to find out if the trace reaches the value b within ∆𝑡 after having crossed the point 

a. The probability 𝑃(𝑎 → 𝑏, ∆𝑡) is computed as the number of times that the transition a → b occurs, 

divided by the number of times that the trace crosses the point a. In a similar way, we compute 

𝑃(𝑏 → 𝑎, ∆𝑡) as the number of times that the transition b → a occurs, divided by the number of times 

that the trace crosses the point b. The code is built such that several values of a and b can be set as 

input, and the probabilities are computed for each pair of values individually. For a given value of a, 

we calculate the pair of probabilities 𝑃(𝑎 → 𝑏, ∆𝑡) and 𝑃(𝑏 → 𝑎, ∆𝑡) for all the different values of b 

defined by the user (we set b values from -15 to 15 nm in intervals of 0.5 nm), and compute Δ𝐺 as 

the logarithm of the probability ratio (Figure S24a-c). Then, we repeat the process for different values 

of a (Figure S24d-f). The Δ𝐺 reported in Figure 4 of the main text is the result of averaging all the 

Δ𝐺s calculated for each value of a. 

Figure S24 shows the dependence of probabilities and Δ𝐺 on b for different values of Δ𝑡 and a. 

Particularly, 𝑃(𝑎 → 𝑏, Δ𝑡), 𝑃(𝑏 → 𝑎, Δ𝑡) and the corresponding 
∆𝐺

𝐾𝐵𝑇
= −ln (𝑃(𝑎 → 𝑏, Δ𝑡)/𝑃(𝑏 → 𝑎, Δ𝑡)) 

for a=5 nm and decreasing time interval are presented in Figure S24a-c as a function of the value of 

b, respectively. Alternatively, the same is plotted in Figure S24d-f for a fixed time interval of 0.05 s 

and different starting points a.  

As expected, decreasing the time interval will increase the noise of the calculated probabilities and 

the energy landscape due to a reduced number of events, or counts, for the considered transitions in 

a narrower time frame. The selected starting point (Figure S24d-f) determines which range of 

extension is better resolved (i.e. when a = -5 nm/pink, larger probabilities are found for transitions 

close to b=-5 nm, which will result in a better resolved energy landscape around that value). As the 

final extension value (b) gets further from the initial point, the probability of finding a successful 

transition a → b decreases. Therefore, by running the calculation over a large range of a and 

averaging the energy profiles obtained for each a, we obtain an averaged Δ𝐺 included in Figure 4 in 

the main text. 
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Figure S24: Calculation of energy landscapes using the Bier-Astumian relation: a) 𝑃[𝑎 → 𝑏, 𝛥𝑡], b) 𝑃[𝑏 →

𝑎, 𝛥𝑡] and c) the corresponding 𝛥𝐺 for a=5 nm and decreasing time interval (0.01 s blue, 0.05 s green and 0.1 

s purple). d) 𝑃[𝑎 → 𝑏, 𝛥𝑡], e) 𝑃[𝑏 → 𝑎, 𝛥𝑡] and f) the corresponding 𝛥𝐺 for a=-5 nm (pink), 3 nm (red) and 10 nm 

(yellow) at a fixed time interval of 0.05 s. 

14. Implications of Bier-Astumian formalism for the investigation of molecular shuttles 

out of equilibrium. 

The equation described as the Bier-Astumian relation arises from the principle of microscopic 

reversibility. There are two major results derived by Bier and Astumian from the Onsager-Machlup 

treatment of over-damped (low Reynolds number) stochastic processes for single particles. The first 

result is the equality between the last touch first touch times from a to b, and from b to a, irrespective 

of their relative energies (Ga and Gb) 

τLTFT(a → b) = τLTFT(b → a)  (equation S5) 

The validity of this equality does not rely on the positional distribution of the system having relaxed to 

equilibrium, i.e., on the system being in thermodynamic equilibrium characterized by a Boltzmann 

equation. The requirement is that the dynamics are over-damped – i.e., that the velocity distribution 
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function relaxes to equilibrium, i.e., to a Maxwell-Boltzmann velocity distribution, on a very fast time-

scale. 

The second result is the ratio between the conditional probabilities to go from one state to another, 

P(a→b,Δt)

P(b→a,Δt)
= e−∆Gab/RT  (equation S6)  

An important point to note is that while both the numerator and the denominator on the left-hand side 

of the equation depend strongly on Δt, their ratio, expressed on the right-hand side of the equation, 

does not, and is hence valid for any Δt. This equality is valid without any assumption of the system 

being in thermodynamic equilibrium, only mechanical equilibrium – i.e. that it undergoes low Reynolds 

number motion (viscosity dominates over inertia). By choosing different values for a and b we were 

able to use the trajectory data obtained to make a plot of free energy vs position as shown in Figure 

4 of the main text. We compared this plot with a plot calculated using the Boltzmann equation: 

Peq(a)

Peq(b)
= e−∆Gab/RT  (equation S7)  

which is based on the system being in thermodynamic equilibrium, i.e., on the positional distribution 

having relaxed to its equilibrium value. Equation S6 holds irrespective of whether the positional 

distribution has relaxed to equilibrium – there is no requirement that the system be in thermodynamic 

equilibrium. In contrast, equation S7 is valid only in the long-time limit, i.e., at thermodynamic 

equilibrium. Nevertheless, these two different approaches for determining the free-energy landscape 

give rise to computationally identical results when used to map the free-energy landscape under our 

experimental conditions as shown in Figure 4 of our manuscript. 

Leigh and colleagues examined an experimental system in which chemical energy from conversion 

of a carbodiimide (DIC) to a urea (UIC).[S16-S19] When the “fueling” reaction DIC → UIC is away from 

equilibrium the continual dissipation can maintain the distribution between the ring occupancy away 

from the thermodynamic equilibrium Boltzmann distribution. Their system is shown below (Figure 

S25). 
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Figure S25: Example from D. A. Leigh and colleagues.[S16-S19] 

The key idea is that there is a catalytic installation of a protecting group HOBt concomitant with the 

exergonic conversion of DIC to UIC. The presence of the protecting group, HOBt, influences the 

kinetics – the relative barrier heights for transitions – but not the thermodynamics – the relative 

energies of the states a and b, Ga and Gb. The distribution between the occupancy on a and b is 

shifted away from equilibrium by the continual dissipation due to the conversion DIC → UIC, and does 

not obey the Boltzmann distribution, equation S7, but instead obeys the non-equilibrium pumping 

equality: 

Pss(aBound)

Pss(bBound)
= e−∆Gab/RT〈e𝒲pd,𝒮ab

/RT〉  (equation S8)  

which for the specific kinetic diagram shown can be written as: 

Pss(aBound)

Pss(bBound)
= [

P(afree→bfree)

P(bfree→afree)
]

⏞        
e−∆Gab/RT

[
(q e∆μ/RT+1)+N

(q+e∆μ/RT)+N
]  (equation S9)  

where ∆μ = μDIC + μH2O − μUIC parametrizes the energy input from the exergonic reaction, q =
k−,a
(1)
k−,b
(2)

k−,a
(2)
k−,b
(1)  

parametrizes the kinetic bias that dictates whether a or b is favored relative to equilibrium by the 

dissipation, and N parametrizes the uncoupling. 

At Steady-state the condition:  

Pss(aBound)P(aBound → bBound, ∆t) = Pss(bBound)P(bBound → aBound, ∆t) (equation S10)  

holds for all ∆t. The local or generalized detailed balance hypothesis claims that the ratio of forward 

to backward transition probabilities, which is equal to the ratio of forward to backward net rate 

constants, is given by the simple relation like the Bier-Astumian relation (equation S6), but modified 
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by the exponential of the “non-dimensional change in entropy of the mediating reservoir”, or the 

“dissipated free energy” σab, 

P(aBound→bBound,∆t)

P(bBound→aBound,∆t)
= e−∆Gab/RTeσab (equation S11)  

This claim is not in general true, but does hold in the special limit that q, the kinetic bias in Eq. 5, 

approaches infinity, where we identify σab = ∆μ/RT. The correct expression is: 

P(aBound→bBound,∆t)

P(bBound→aBound,∆t)
= e−∆Gab/RT [

(q e∆μ/RT+1)+N

(q+e∆μ/RT)+N
] (equation S12)  

This expression would allow obtaining ΔG and the free-energy landscape of the shuttling reaction 

upon measuring the forward and backwards transitions probabilities of the macrocycle under 

conditions away from thermodynamic equilibrium. 

.  
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