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SUMMARY

Biomolecular machines are driven by information ratchet
mechanisms, where kinetic asymmetry in the machine’s
chemomechanical cycle of fuel-to-waste catalysis induces net
directional dynamics. A large-scale energetically downhill
conformational change, often termed a ‘power stroke’, has been
erroneously implicated as a mechanistic driving feature in many such
machines. We investigated the roles of kinetic asymmetry and power
strokes in a series of minimalist rotaxane-based information ratchets
with unsymmetrical equilibrium macrocycle distributions along the
axle that lead to a power stroke (positive or negative) under fueling.
We find that under chemical fueling kinetic asymmetry alone
determines ratchet directionality, with all ratchets using the same
amount of fuel to reach the same normalized steady state position.
However, power strokes can nonetheless influence ratchet
performance, such as how fast the ratchets reach the steady state.
Moreover, nonequilibrium thermodynamic analysis reveals that the
power stroke alters the amount and form (information/Shannon
entropy versus inter-component binding energy) of free energy
stored by the ratchet. These findings have implications for both the
understanding of biological ratchets and the design principles for
artificial nonequilibrium (supra)molecular machines.

Keywords: nonequilibrium chemistry, Brownian ratchets, molecular machines,
rotaxanes, kinetic analysis, information thermodynamics.

INTRODUCTION

The vital processes of life are mediated by complex molecular machinery,’
transducing free energy? from their catalysis® of fuel-to-waste* to continuously and
autonomously drive directional motion. Many of these biomachines appear to
include a ‘power stroke’™® (that is, a large-scale, energetically downhill (co-
)conformational change’®) within their chemomechanical engine cycle.?
Consequently, a ‘power stroke mechanism’ has often®® been proposed to account

THE BIGGER PICTURE

Biology uses autonomous
molecular machines to
power the essential
processes of life. This
nonequilibrium machinery is
powered by chemical fuels
such as ATP.

Minimalist artificial
chemically fueled molecular
machines have been
developed, enabling the
investigation of how
structural features affect
nonequilibrium dynamics.
The findings have
significance for the
understanding of
fundamental biological
processes and for the
design of out-of-equilibrium
molecular nanotechnology.
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for the operation of such biomachines. This model posits that chemical steps raise
the free energy of a motor, which then relaxes via the power stroke to move
directionally,® reminiscent of the winding up and release of a macroscopic spring.
While this imagery may be appealing from a macroscopic perspective (and has often
been inappropriately used to describe the operation of biomolecular motors®®), it
has been convincingly shown®'? that ascribing the power stroke special significance
in this way is chemically incorrect as a consequence of microscopic reversibility.'*'*

Both chemical kinetics and trajectory thermodynamics show?'?

why catalysis-driven
motors must instead operate through a Brownian information ratchet mechanism.""
Our group has explained and introduced'®"? how such principles can be used in the
22 and, because 'making is

understanding’, used them to rationalize how to give stochastic chemical processes

design and construction of artificial molecular systems

direction.® Kinetic asymmetry?*~% in the chemomechanical cycle of the machine’s
catalysis® of fuel-to-waste determines the direction of movement due to differences
in reaction rate depending on the mechanical (i.e., the conformational or co-
conformational) state of the system.®

Recently,? rearranging equations originally derived by Astumian allowed us to
highlight parallels between kinetic asymmetry and the Curtin~-Hammett principle®®*'
in catalysis-driven information ratchet mechanisms. A power stroke is simply a
thermodynamic difference between (co-)conformers (energetically downhill in a
positive power stoke; energetically uphill in a negative, or anti-, power stroke).?’ It
can affect kinetic asymmetry as long as the introduction of the power stroke alters
the transition state energies for chemical processes, so that the difference between
the sum of transition states energies for the forward and backward pathway is
changed.? Furthermore, analysis® based on information thermodynamics®*~** has
built on kinetic arguments®~'? to examine the free energy transduction in a molecular
motor, revealing that altering the power stroke can change the flow of free energy
from a fuel-to-waste process to mechanical motion, with implications for the rate of
rotation and the efficiency of a motor. This may explain why energetically substantial
conformational changes are common in biomolecular machinery. The ongoing
debate over the role of power strokes in the theoretical biophysics/chemistry
literature, and their prevalence in biological systems,*”’ highlights the need for
experimental examples of the role of conformational changes and kinetic asymmetry
in the operation of molecular information ratchets.

Molecular-level mechanistic understanding of the operation of biomolecular
machines can be difficult to obtain directly due to the size and complexity of these

18,36-45 and

macromolecules. A number of much smaller artificial molecular motors
pumps'?#757 have been created, including examples of motors and pumps that
operate autonomously by the same type of information ratchet mechanisms that
drive biological machinery.?'43323337 Minimalist information ratchets have harnessed
free energy released through the ratchet-catalyzed decomposition of activated
fluorenylmethoxycarbonyl carbonates*?*3** or the hydration of carbodiimides.**>2>’
These artificial machines do not yet compete with the efficiency of their biological
counterparts,**#°%°¢! but their simplicity allows the effects of structural changes on

chemically fueled dynamics to be investigated systematically.>’

We recently described a rotaxane-based information ratchet®? where the distribution
of a macrocycle between two, effectively degenerate, fumaramide binding sites on
the axle could be driven out of equilibrium by the ratchet's catalysis of a
carbodiimide-to-urea fuel-to-waste reaction® (Figure 1A). The carbodiimide
(diisopropylcarbodiimide (DIC)) reacts with the carboxylate group on the axle,
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transiently forming an O-acyl urea barrier that prevents macrocycle shuttling
between the two fumaramide groups. The O-acyl urea is rapidly displaced by
hydroxybenzotriazole (HOBt), changing the barrier into a species that is hydrolyzed
slowly on the time-scale of macrocycle shuttling kinetics. Directional bias in the
macrocycle distribution on the axle is generated through kinetic asymmetry'" in the
catalyst chemical engine cycle® as a result of differences in the rates of reaction of
the two machine co-conformers (i.e. the Curtin-Hammett principle®?"): The rates of
both the reaction with the DIC fuel and the hydrolysis of the OBt ester barrier depend
on the mechanical state (i.e., the position of the macrocycle on the axle) of the
molecular machine catalyst, giving rise to double kinetic gating.®? Varying the
structure of the carbodiimide fuel and the nucleophilic catalyst allowed tuning of the
kinetic asymmetry, and thus the directionality (dist-n to prox-n bias) of the ratchet
catalyst, as well as the rate and efficiency of fuel use.””
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Figure 1. Design of rotaxane-based information ratchets bearing non-
degenerate macrocycle binding sites on the axle.

(A) General chemomechanical cycle for the operation of the ratchets, which pump
the macrocycle towards the distal binding site when fueled with a carbodiimide such
as diisopropylcarbodiimide (DIC) and water in the presence of a barrier-forming
nucleophilic catalyst such as hydroxybenzotriazole (HOBt) (black arrows = fast, grey
arrows = slow). (B) Kinetic and thermodynamic factors can influence the machine
operation. Kinetic asymmetry, arising from differences in the rate of the chemical
steps dependent on the mechanical (i.e., conformational or co-conformational) state
of the machine, produces directional bias in the dynamics, while a power stroke, a
thermodynamic bias between (co-)conformations, can also contribute to aspects of
the nonequilibrium behavior of the ratchets. (C) Structures of machines 1-4 with
different macrocycle binding sites on the axle. Macrocycle equilibrium distributions
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were determined by 'H NMR spectroscopy (600 MHz, 295 K, DMSO-ds, see
Supplemental Information Section S3).

Here, we use a series of rotaxane-based molecular information ratchets with non-
degenerate binding sites on the axle, to experimentally probe the roles of kinetic
asymmetry and power strokes in the nonequilibrium dynamics (Figure 1). The
structural modifications allow the binding energies of the fumaramide sites on the
axle to be varied, providing access to rotaxanes with non-degenerate binding sites
and therefore unequal distributions of rotaxane co-conformers at equilibrium. This
introduces the conditions for a power stroke® in the chemomechanical cycle of the
machine catalyst (Figure 1B, bottom). Comparison of the equilibrium distribution of
the macrocycle on the axle with the nonequilibrium chemically-fueled steady state
allows the effect of the power stroke (typically, in the examples presented, an
energetically uphill, negative, power stroke) to be evaluated. We also investigate the
kinetic implications of introducing non-degenerate binding sites, evaluating both the
rate at which the machine reaches the chemically-fueled steady state and the
catalytic efficiency of the machine for the fuel-to-waste reaction.* Kinetic analysis of
the results provides mechanistic insight into the process and allows kinetic models
to be created that predict the behavior of machines® that incorporate different levels
of power stroke. Finally, we consider both energy and information storage in the
molecular machines under nonequilibrium conditions, allowing us to make general
conclusions about the design of nonequilibrium systems for specific tasks. We relate
our findings to biomolecular machinery and consider the wider implications for
nonequilibrium dynamic molecular systems.

RESULTS AND DISCUSSION

Synthesis of information ratchet rotaxanes with non-degenerate binding sites on
the axle

Previously reported®® information ratchet 1 possesses a 2,2-diphenylethylamine
‘stopper’ at either end of the rotaxane axle. We reasoned that structural variations
in this group would change the stereoelectronic properties of the adjacent
fumaramide site and, consequently, the macrocycle binding strength.®?%* A series of
rotaxanes with structural variations in either the stopper closest to the axle carboxylic
acid group (proximal stopper) or the most distant one (distal stopper) were
synthesized. Rotaxanes 2 and 3 feature dibenzylamine and 3,5-di-tert-butylaniline
distal stoppers, respectively (Figure 1C). Rotaxane 4, bearing a proximal 3,5-di-tert-
butylaniline stopper was synthesized as an analog of rotaxane 3 with the binding site
positions reversed.

Even in polar solvents, the shuttling of the macrocycle between the different
fumaramide sites on the axle in ratchets 1-4 proved to be slow on the nuclear
magnetic resonance (NMR) timescale. This allowed the equilibrium distribution of co-
conformers to be determined directly by "H NMR spectroscopy (600 MHz, 295 K,
DMSO-ds, Figure 1C, see Supplemental Information, Section S3). Although
significantly broadened, the 'H NMR spectra of the equilibrium distribution obtained
in the reaction solvent (MeCN-ds/D-0, 7:3 v/v) matched the ratios obtained in DMSO
(Supplemental Information, Section S3). Ratchet 1, where the proximal and distal
binding sites are identical other than their distance to the carboxylic acid group,
showed an even equilibrium macrocycle distribution (prox-1:dist-1 = 50:50 (1:1)).52%
In contrast, the weaker distal binding sites in both rotaxanes 2 and 3 resulted in

¢ CellP’ress




Chem ¢? CellP’ress

uneven equilibrium macrocycle distributions which favored the proximal binding site
(prox-2:dist-2 = 55:45 (1.2:1), prox-3:dist-3 = 64:36 (1.8:1), Figure 1C, 2). As fueling
should result in the macrocycle being pumped towards the distal binding site of
these ratchets, the favoring of the proximal binding site at equilibrium in this series
of ratchets can be considered a negative power stroke, that is the thermodynamic
bias for movement is opposite to the kinetic driving force of the information ratchet
mechanism. Rotaxane 4 displayed the opposite equilibrium distribution to rotaxane
3 (prox-4:dist-4 = 36:64 (1:1.8), Figure 1C, 2), constituting a positive power stroke.
Unfortunately, however, poor solubility of 4 under the required reaction conditions
prevented its investigation under chemical fueling.

prox-1

dist-1 prox-2 s dist-2 prox-3 — dist-3 prox-4 ~—=——"  dist-4
AGgq = 0 kJ mol™ AGgq = +0.5 kJ mol™ AGgq = +1.4 kJ mol™ AGgq = -1.4 kJ mol™

Figure 2. Different macrocycle distributions at dynamic equilibrium in rotaxane-
based ratchets 1-4.

The different distributions of the macrocycle on the axle in ratchets 1-4 are caused
by differences in the binding free energy between the non-degenerate binding sites
on the axle. The free energy difference, which is formally a power stroke, is calculated
from the equilibrium constant.

Autonomous chemically fueled operation of molecular ratchets 1-3

Ratchets 1-3 were each fueled under identical®**’ buffered conditions using DIC as
a carbodiimide fuel**™ and HOBt as a transient barrier-forming nucleophile
(ratchet] = 2.5 mM, [HOBt] = 5.0 mM, [DIC] = 125 mM, in 2-(N-
morpholino)ethanesulfonic acid (MES)-buffered (100 mM, pHobs 5.36) MeCN-ds/D.O
(7:3 v/v), see Supplemental Information, Section S4.1 and S5.1). Addition of para-
methoxybenzylamine at different timepoints of the fueled reaction irreversibly
formed a stable amide, kinetically trapping the nonequilibrium macrocycle
distribution at that timepoint,*%*"7° which could be subsequently analyzed by 'H NMR
spectroscopy (see Supplemental Information, Section S4.1).

Over the course of fueled operation, the ratio of prox-n’:dist-n’ decreased for all
three ratchets, following a pseudo-first order rate profile (see Supplemental
Information, Figure S5 for kinetic fitting). The three ratchets reached different steady
state ratios with the time taken to reach the steady state also varying for the different
ratchets (Figure 3A). Ratchet 1 reached a steady state ratio of 1:20, prox-1' :dist-1'
after 17.4 h, ratchet 2 reached a steady state ratio of 1:17, prox-2' :dist-2' after
13.4 h and ratchet 3 reached a steady state ratio of 1:12, prox-3’ :dist-3' after 10.2 h
(Table 1).

Kinetic analysis of nonequilibrium behavior of chemically-fueled molecular
ratchets 1-3
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Ratchets 1-3 pump to different steady state ratios, with the most negative power
stroke, ratchet 3, resulting in the lowest steady state ratio of 8:92 (1:12), prox-3" :dlist-
3’ at the steady state. Superficially, it may appear that this ratchet is therefore closer
to equilibrium and is consequently doing less work to maintain the nonequilibrium
steady state. However, this is incorrect as the equilibrium distribution of ratchet 3
(64:36 (1.8:1), prox-3eq:dist-3eq) favors the proximal binding site. Indeed, the
observed steady state macrocycle distribution ratios correlate almost perfectly (R? >
0.99) with the different equilibrium macrocycle distribution ratios (Figure 3B). This is
because, as predicted by kinetic analysis,®'? kinetic asymmetry is solely responsible
for determining the directionality of the molecular ratchet, and changing a binding
site does not necessarily result in a change in kinetic asymmetry. Kinetic asymmetry
acts as a modifier to what the distribution was at equilibrium, increasing the distal to
proximal ratio by the same proportion regardless of the ratio at equilibrium (see
equation, Figure 3B). Consequently, the gradient of the correlation in Figure 3B is
equal to the kinetic asymmetry of the ratchet under the experimental conditions used
for the chemical fueling, quantified by the ratcheting constant, K = 20.6 (see
Supplemental Information, Section S4.2). The data can be normalized to reflect the
constant kinetic asymmetry of the ratchet (Figure 3C), resulting in directionality
profiles that converge on the same steady state within error (see Supplemental
Information, Section S4.3 for full details of the normalization of directionality).
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Figure 3. Nonequilibrium behavior of chemically fueled rotaxane information
ratchets 1-3.

(A) The bias in the macrocycle distribution introduced by ratchets 1-3 upon fueling
with DIC was analyzed by kinetic trapping through addition of p-
methoxybenzylamine to aliquots taken at various time intervals (see Supplemental
Information, Section S4.1). The dist-n" /prox-n’ ratio increases during fueling until it
reaches a steady state. Ratchets 1-3 show approximately the same initial ratio (dist-
n' /prox-n’ = 2.4), but the more proximal favoring ratchets reach lower steady state
ratios, albeit more quickly than less proximal favoring ratchets. (B) The steady state
ratios correlate well (R? > 0.99) with the equilibrium ratios, demonstrating that the
kinetic asymmetry, given by the gradient (K- = 20.6), is the same for all three ratchets,
1-3. (C) Normalized directionality curves show approximately the same initial and
steady state biases, although ratchets 2 and 3 reach the chemically fueled steady
state more rapidly than ratchet 1. (D) The time taken to reach the chemically fueled
steady state correlates well with the equilibrium ratio (R? > 0.99), suggesting a causal
link to the power stroke. (E) When the catalytic turnover (the average number of fuel-

Catalyst turnover
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to-waste cycles performed by the ratchet, see Supplemental Information, Section
S4.5) is accounted for, ratchets 1-3 reach their chemically fueled steady states after
the same number of fuel-to-waste cycles. (F) Combining the normalized directionality
shown in panel C with the catalyst turnover shown in panel E, the curves for all three
ratchets overlap. Errors are determined based on the standard deviation of the fit of
the experimental data to a first order rate equation and standard error propagation
(see Supplemental Information, Section Sé for full details of error treatment).

Perhaps less intuitively, the time taken for each ratchet to reach steady state also
correlates with the equilibrium macrocycle distribution (Figure 3D) (R? > 0.99).
Ratchet 3, with the most negative power stroke, reaches the chemically fueled steady
state after only 10.2 hours under the operating conditions, about 1.7x faster than
ratchet 1. Although the time taken to reach the steady state is different for each
ratchet, each ratchet also catalyzes the fuel-to-waste reaction at different rates (see
Supplemental Information, Section S5). However, if the catalyst turnover of each
ratchet is taken into account, the result is rate profiles in which the chemically fueled
steady state is reached after the same catalyst turnover (~1.2 completed cycles on
average, see Supplemental Information, Section S4.5) for each ratchet (Figure 3E).
Combining the treatment of the data to plot normalized directionality against
catalyst turnover results in overlapping rate profiles for each ratchet (Figure 3F).

Table 1. Parameters describing the operation of ratchets 1-3

See Supplemental Information, Section S4 for full derivation of parameters. Errors
are determined based on the standard deviation of the fit of the experimental data
to a first order rate equation and standard error propagation.
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. . Time to
Equilibrium Initial trapped Steady state Chgmlcal Chgmlcal Ratcheting reach Rate of
Ratchet ratio (dist- ratio (dist- ratio (dist- gating of gating of constant,® steady cataly.zec[i
N , e , e ester ester . reaction
n/prox-n) n' /prox-n") n’ /prox-n") formationt hydrolysis® K st/a‘;e /%10 5
1 1.00 + 0.05 22+0.29 202 22+0.1 9.3+0.9 20+ 2 17.4+1.7 8.5+0.1
2 0.83 + 0.05 2.7 +£0.3¢ 17 +3 3.2+0.2 65+14 21 = 13.4+23 13.9 0.1
3 0.56 + 0.04 2.4 +0.29 12£1 43+0.3 48+0.8 214 102+1.1 14.8 £ 0.1

2Determined by 'H NMR spectroscopy (600 MHz, 295 K, DMSO-d) of ratchets at equilibrium.
©Determined by 'H NMR spectroscopy (600 MHz, 295 K, DMSO-d¢) of para-methoxybenzylamide
adducts of ratchets in fueling experiments (see Figure 3A).

<Calculated from equilibrium ratio (power stroke) and initial trapped ratio.

4 Calculated from initial trapped ratio and the steady state ratio.

¢ Calculated from the equilibrium ratio (power stroke) and steady state ratio.

‘Determined from rate of fuel use in presence of the ratchet minus the rate background fuel use.
9Errors based on 'H NMR integrals. Other sources of error, such as ratchets undergoing multiple
cycles prior to amide formation or inherent reactivity differences as a result of structural differences,
are not accounted for.

The nonequilibrium kinetics provide insight into the mechanism of operation of
ratchets 1-3. The best agreement with kinetic models is observed when the
differences in transition state energies for both ester formation and hydrolysis remain
constant,®™'? that is AGrs* ester formation and AGrs* ester hydrolysis are unchanged
across all three ratchets (Figure 4, pink, see Supplemental Information, Section S7).
The unchanging transition state energy difference implies that the macrocycle is
involved in stabilizing the transition state for both distal ester formation ([dist-n®]¥)
and hydrolysis ([dist-n"¥?[*). Considered in terms of the Curtin-Hammett principle,?
the population bias introduced by the power stroke (Keq, dist-neq/prox-neq) is perfectly
balanced by the corresponding change in the chemical gating of the steps (ratio of
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rates, kdist/kprox). This effect accounts for a number of observations. The initial ratio of
prox-n":dist-n" (obtained by trapping at 0 h, Figure 3A) is the same for all three
ratchets (dist-n'/prox-n" = 2.4, see Table 1). This shows that the difference between
the transition state energies for proximal and distal ester formation ([prox-n®}* and
[dist-n®']* respectively, Figure 4A, pink) is unchanged across the ratchets, as this is
the sole feature that determines the initial prox-n":dist-n" ratio.? In practical terms,
introducing a power stroke in this manner biases the equilibrium population of
prox-n:dist-n but also increases the rate of the dist-n—dist-n' reaction proportionally,
increasing the chemical gating by the same factor as the power stroke (Table 1).
However, the steady state ratios are different across ratchets 1-3, requiring that the
chemical gating of the ester hydrolysis step is different across the three ratchets
(Table 1, Figure 3A). The ester hydrolysis is a kinetic (rather than a dynamic kinetic)
resolution (Figure 4B), thus the activation energy for dist-n®®—[dist-n"?[* varies
between ratchets 1-3. The increase in the chemical gating of the ester formation as
a consequence of a more negative power stroke being introduced (Table 1), is
negated by a corresponding decrease in the chemical gating of the ester hydrolysis,
resulting in a value of kinetic asymmetry that is consistent across all three ratchets.
Moreover, the data indicate that the equilibrium distribution between the
carboxylate and -OBt ester forms of rotaxanes 1-3 remains unchanged (see
Supplemental Information, Section S7).

A [rox-nEr B [dlist-n"ye]t

) +
[distnEsti ] AEftT;
formation

AGrg*
[prox-n"ve: I Ester

[shuttle] hydrolysis

3
dist-n 3 prox-n©Bt dist-no8t "~ 4
+DIU +DIU +H,0 [shuttle]? +H,0
+HOBt +HOBt
prox-n®Bt dist-n©Bt
+DIU +DIU -
prox-n dist-n
+HOBt +HOBt

Figure 4. lllustrative reaction profiles for rotaxane information ratchets 1-3
Reaction profile (not to scale) for (A) ester formation and (B) ester hydrolysis for
ratchet 1 (degenerate binding sites, blue), and ratchet 3 (distal site macrocycle
binding affinity is weaker, changes shown in red). The experimental kinetic data
indicates that the difference in transition state energies (AGrs*, pink) remains
unchanged between ratchets 1-3, regardless of changes in the distal binding site
affinity. Note that panel A corresponds to a Curtin-Hammett diagram for a dynamic
kinetic resolution during ester formation, while panel B depicts a non-dynamic kinetic
resolution for ester hydrolysis, where the products of the reaction, rather than
starting materials, exchange.

Another feature of the mechanism that is apparent from the experimental data
analysis is that the catalytic efficiency® of ratchets 1-3 varies, resulting in faster
catalysis for ratchets with a more negative power stroke. This effect is largely a
manifestation of the lower activation energy of the distal ester hydrolysis
(dist-n®®*—[dist-n"9]), as well as the greater population of prox-n°® for the more
biased ratchets (Table 1, Figure 4B), both of which accelerate the rate-limiting
hydrolysis step in the catalytic cycle. This greater rate of fuel consumption also
explains why the more biased ratchets reach the chemically fueled steady state faster
(Figure 3D), given that the ratchets use the same amount of fuel (within error) to
reach the same normalized directionality (Figure 3F).
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There are practical consequences arising from the presence and magnitude of power
strokes that could have implications for certain applications. A positive power stroke
(such as in ratchet 4) combines the thermodynamic bias with the kinetic driving force,
and may therefore reach a greater absolute directionality at the chemically fueled
steady state, which might be beneficial in certain circumstances.”??”" By contrast,
2775 may benefit from a negative power
stroke (such as in ratchets 2 and 3), as it may enable them to reach a chemically

ratchets employed in signaling applications
fueled steady state faster and therefore transmit signals more frequently.

The data obtained with rotaxanes 1-3 also informs the expected behavior of other
types of related information ratchet motors. Joining the ends of rotaxane 3 and
adding a second carboxylate catalytic site would create a catenane-based rotary
motor analogous to the system previously reported by Wilson et al.** (see
Supplemental Information, Section S8). Such a catenane motor, with non-degenerate
component binding sites, would pay penalties for both the lower directionality
arising from the thermodynamically uphill step and for the slower reaction rate
caused by the downbhill step, resulting in a poorer motor with lower thermodynamic
efficiency.* This is consistent with the information thermodynamic analysis of similar
motors that predicted® that, irrespective of the importance of kinetic asymmetry,®'2
the maximum thermodynamic efficiency is reached when the binding sites are
degenerate (i.e. the minima along the reaction pathway are as similar in energy as
possible). This illustrates well that although the kinetics of non-equilibrium molecular
machines are crucial to their operation, further insights follow from considering the

free energy flow in such systems.2327¢

Information thermodynamics analysis of nonequilibrium behavior

We also used the experimental kinetic data to inform a thermodynamic model of the
nonequilibrium behavior of molecular ratchets.®® It has previously been
demonstrated that the ratcheting constant (Ki) sets an upper limit on the amount of
free energy that can be ‘stored’ in a nonequilibrium system.””’® However, such a limit
can only be reached when the fueling cycle is infinitely fast. The experimental data
obtained upon chemically fueling 1-3 enables the free energy that can be stored
within an information ratchet to be studied in terms of the observed directionality at
steady state.””

We applied tools from nonequilibrium thermodynamics of open chemical reaction
networks®®' to quantitatively access the energetics of rotaxane information ratchets
1-3, dissecting contributions to the free energy stored in each ratchet into an
information (Shannon entropy**%?) component and a binding free energy (that is
given by the standard chemical potential difference between the two co-conformers
multiplied by the proportion of macrocycles shifted with respect to equilibrium)
component (Figure 5).3388% |n particular, we focused on the shuttling of the
macrocycle and determined how free energy is stored in the mechanical degree of
freedom (see Supplemental Information, Section S9.1 for details and validation of
this coarse-graining). The chemically fueled nonequilibrium operation of the ratchets
can be regarded simply as shifting the distribution of the macrocycle on the axle,
allowing changes in binding free energy, information, and total free energy to be
calculated (equation 1, Figure 5A).
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Figure 5. Nonequilibrium thermodynamics of rotaxane information ratchets 1-3
(A) Equation 1 describes the total free energy (AG) stored by the ratchets at the
chemically fueled steady state and is composed of two components: the binding free
energy (yellow) and the information or Shannon entropy (pink). The former
component (yellow) comprises the difference between [dist-n] at the chemically
fueled steady state (subscript SS) and at equilibrium (subscript Eq), multiplied by the
power stroke, given by the natural logarithm of the equilibrium constant (Kg,) for dist-
Neq/ prox-neq. The latter component (pink) in the equation is the difference between
the Shannon entropy (S") at equilibrium and the chemically fueled steady state. In
both parts of the equation, R is the gas constant and T is the temperature in Kelvin.
Therefore, Equation 1 is expressed in units of energy per volume, which can be

converted in units of energy per mole (used in the main text) by dividing by the total
concentration of ratchet. (B) The proportion of macrocycles that must move prox—
dist to reach the chemically fueled steady state and satisfy K differs between the
ratchets. (i) a net 45% of macrocycles must be transported prox—dist for ratchet 1,
(ii) whereas a net 56% of macrocycles must move to increase the ratio by the same
proportion (K) in ratchet 3. (C) The dependencies of the binding free energy (yellow),
information (pink) and total free energy (purple) on Kgq, have several distinct domains
(see Table 2). K: is assumed to also be 20.6 for ratchet 4.
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Table 2. Calculated thermodynamic parameters describing the operation of
ratchets 1-4 and theoretical ratchets with K. = 20.6

Listed in order of decreasing Keq (as shown by the equilibrium ratio). See
Supplemental Information, Section S9 for full derivation of parameters based on
equation 1, Figure 5.
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Binding energy Information
Equilibrium Steady state difference Total free (Shannon Binding free
) ) Macrocycles
Ratchet ratio ratio prox- between energy stored entropy) energy stored
. X ) moved / %
prox-n:dist-n n':dist-n’ stations / kJ mol™ stored / kJ mol™
/ kJ mol™ / kJ mol™

4: 36:64 3:97 -1.41 88 0.83 1.29 -0.47

Maximum 39:61 3:97 -1.05 36 0.92 130 -0.38
information

1a

(No binding 50:50 5:95 0.00 45 1.23 1.23 0.00
free energy)

2 55:45 6:94 0.45 49 1.38 1.16 0.22

3 64:36 8:92 1.41 56 1.71 0.91 0.79

. No . 82:18° 18:82 3.69 64 2.36 0.00 2.36
information

Maximum
total free 89:11 28:72 5.07 61 2.49 -0.59 3.09
energy

2Equilibrium position determined by integration of slowly interconverting co-conformers in DMSO-d,
at 295 K using "H NMR spectroscopy.
b Calculated as (K)~'2

Rotaxane 1, bearing degenerate macrocycle binding sites on the axle, is a direct
molecular analogue of a single-particle Maxwell’'s Demon or Szilard Engine thought
experiment.'¢1733858¢ |n rotaxane 1 the free energy arising from a non-equilibrium
distribution of the macrocycle on the axle can only be stored as information since the
intercomponent binding free energy is the same whether the macrocycle is on the
distal or proximal fumaramide site. As illustrated in Figure 5B, the distribution of the
macrocycle between proximal and distal sites is 50:50 at equilibrium, a condition that
maximizes Shannon entropy and gives no prior information about the location of the
macrocycle (the location can be guessed with a 50% certainty). This binary system is
analogous to an unbiased coin toss and related to one bit of information in computer
memory; there is a well-defined maximum of information that can be stored (one bit
= keT In(2) corresponding to 1.69 kJ mol™ at 20 °C).*® Upon fueling, rotaxane 1
reaches a nonequilibrium steady state with a 5:95 prox-1":dist-1' distribution,
corresponding to movement of 45% of the macrocycles from the proximal to the
distal binding site (50:50—5:95, Figure 5B). Consequently, at the chemically fueled
steady state the location of the macrocycle is known with a 95% certainty. The
increase in information about the macrocycle position upon going from the
equilibrium to the nonequilibrium steady state can be quantified by the decrease in
the Shannon entropy value, which, in this case, is proportional to the free energy
stored by the system at the steady state (calculated as 1.23 kJ mol™, Table 2) since
there is no difference in binding free energy between the two axle binding sites.

Changing the macrocycle binding sites of the ratchets alters the form in which free
energy is stored at the steady state. For instance, rotaxane 3 goes from a 64:36 prox-
3:dist-3 ratio at equilibrium to 8:92 at the chemically fueled steady state,
corresponding to the transfer of 56% of the macrocycles from the proximal to the
distal binding site (Figure 5B). Shannon entropy is reduced, thus storing information
(calculated at 0.91 kJ mol™, Table 2). However, since at equilibrium rotaxane 3
already stores some information, the maximum amount of free energy that can be
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stored as Shannon entropy is inherently reduced. Instead, when the distal binding
site is made less favorable at equilibrium, such as for rotaxanes 2 and 3, some energy
must be spent breaking the stronger interactions at the proximal site to pump the
ring towards the distal site. The binding free energy stored at the steady state
corresponds to the binding site free energy difference (determined from the
equilibrium distribution, Figure 2) multiplied by the proportion of macrocycles
moved (which is dictated by the ratcheting constant). For example, the binding site
free energy difference for ratchet 3 is 1.4 kJ mol™, resulting in 0.56 x 1.4 kJ mol™" =
0.79 kJ mol™" stored as binding free energy. Rotaxane 3 therefore stores less
information at the chemically fueled steady state than rotaxane 1, but due to the
binding free energy contribution, overall, 3 stores more free energy than 1 (total free
energy = binding free energy + Shannon entropy = 0.79 kJ mol™" + 0.91 kJ mol™" =
1.71 kJ mol™) and can therefore be considered ‘further from equilibrium’ from a
thermodynamic viewpoint.

We simulated the change in binding free energy, information and total free energy
of ratchets 1-3 as a function of the equilibrium macrocycle distribution at a constant
kinetic asymmetry, K: of 20.6, reflecting the experimental data under chemical fueling
(Figure 5C, see Supplemental Information, Section S9.3 for the effect of varying K).
The simulation illustrates how introducing a power stroke changes the energetics of
the information ratchet. When a sufficiently large binding free energy difference
between the two axle binding sites is introduced (extreme left or right of Figure 5C),
the ratchet stalls: the equilibrium distribution is so biased towards one site that
shifting it by a factor of K. does not result in an appreciable change in the
thermodynamic quantities. However, at intermediate binding free energy differences
(~99:1-1:99 prox-neq:dist-neq), the form in which free energy is stored at the steady
state can change dramatically. Free energy can be stored solely as information (blue
dashed line, corresponding to the degenerate rotaxane 1) or solely as binding free
energy (gray dashed line). In the latter case, the equilibrium and steady state
distributions are exact opposites, so the total amount of information in the system is
unchanged moving from equilibrium to the chemically fueled steady state
(82:18—18:82). To the left of this point, the steady state distribution is less-biased
than the equilibrium distribution, so information is erased upon moving from
equilibrium to the chemically fueled steady state (Shannon entropy is increased),
while to the right, moving from equilibrium to the chemically fueled steady state
increases information (Shannon entropy is decreased). We note that the information
component is anti-symmetric, as it relates to the macrocycle distribution over the two
binding sites at equilibrium and steady state, while the binding free energy
component shows an asymmetric profile, as it relates to the net number of
macrocycles pumped from the proximal site to the distal site (see Supplemental
Information, Section 59.3).

The simulation also identifies equilibrium ratios at which the binding free energy,
information and total free energy storage can be maximized (Figure 5C, maxima of
yellow, pink and purple lines respectively). Based on its observed equilibrium ratio
(36:64 prox-4eq:dist-4eq), rotaxane 4 is predicted to be well-optimized for maximizing
information storage (when K: = 20.6). The maximum binding free energy (Figure 5C,
yellow) corresponds to the point at which the proportion of net-displaced
macrocycles multiplied by the energy difference reaches a maximum. Consequently,
as K: is increased, this point will move further left on the graph (towards a more
negative power stroke), accompanied by an increase in the maximum free energy.
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Information storage for this type of rotaxane ratchet with a K- = 20.6 reaches a
maximum with a modest positive power stroke, close to the actual distribution found
in rotaxane 4, balancing the bias introduced when moving from equilibrium to the
chemically fueled steady state against the number of net-displaced macrocycles. The
position of the maximum tends towards a 50:50 equilibrium distribution (Keq = 1) as
the ratcheting constant is increased. The total free energy stored is the sum of the
binding free energy and information (equation 1, Figure 5A), and at its maximum is
dominated by the binding free energy (particularly for large values of K), which is
not inherently limited in the same way as information is in a binary system. However,
in a similar manner to the way that information storage is limited to one bit in a binary
system,?® the equilibrium difference in binding free energy defines the maximum free
energy that can be stored in this form as K tends towards infinity.

The experimental data obtained from chemically fueling rotaxanes 1-3 highlight the
importance of taking into account the power stroke when considering the
nonequilibrium function of the ratchet. Appropriate selection of the size and sign of
a power stroke can significantly increase the free energy a ratchet can store.’”#
Under the experimental conditions of chemical fueling with K- = 20.6, ratchet 3
stored 1.4x more free energy than ratchet 1, while the maximum possible free energy
stored is more than double that stored by ratchet 1 (Table 2, maximum total free
energy)! If, instead, the ratchet is intended to store (or process) information,?-%3 the
optimal distribution would be to favor the distal site slightly and therefore have a
negative binding free energy contribution. These observations have implications for
the design of ratchets for functions in molecular computing’##® and sensing,’>7¢8%
compared to ratchets that drive motors, perform work against a force, or are
required to maintain a high energy state.?”

Conclusions

In summary, the roles of kinetic asymmetry and power strokes have been determined
in a series of rotaxane-based information ratchets that have different macrocycle
binding affinities at two axle sites. It was experimentally demonstrated that kinetic
asymmetry was not influenced by the introduction of such a power stroke. The
changes between the dynamic equilibrium and chemically fueled steady state
distributions of the macrocycle on the axle in the rotaxane series correlate (R? > 0.99),
with a gradient corresponding to the kinetic asymmetry of the chemically fueled
information ratchet, K, of 20.6. Moreover, the ratchets all catalyze the same amount
of fuel-to-waste to reach their chemically fueled steady state regardless of the
negative power stroke that has to be overcome. However, the presence of the power
stroke does have consequences: The chemically fueled steady state macrocycle
distribution is determined by a combination of the power stroke and the chemical
gating, and the time taken to reach the steady state is reduced with an increasingly
negative power stroke. This may be useful to take into account when designing
chemically fueled ratchets for specific applications where the speed of ratcheting or
the degree of positional bias of the components is important.

The presence of a power stroke also has a profound influence on the free energy
stored by the ratchet, affecting both the total free energy stored and the relative
contributions to this stored energy of information (Shannon entropy) and inter-
component binding free energy. Simulations show how this partitioning of the free
energy varies as a function of the power stroke, thus enabling the identification of
optimal power strokes for specific purposes, for example for maximizing free energy
storage or maximizing information storage. Such considerations may be particularly
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helpful when designing ratchets for applications involving information processing.
The influence of power strokes on these different types of features may explain why
they are so prevalent in biomolecular machinery, where evolution has optimized
different features of the mechanism for particular functions.?94-%

Since ‘making is understanding’,? the structure-property relationships obtained
using these minimalist artificial ratchets reveal tangible concepts for how
performance can be optimized in nonequilibrium systems. The results provide
experimental data that can be used to both inform and to test theoretical models.”®
These are amongst the first experimental systems that are structurally and
dynamically simple enough to demonstrate and quantify the interaction between
enthalpy and entropy in a nonequilibrium regime. Exploring such relatively
minimalistic chemically fueled molecular devices furthers the understanding of
nonequilibrium behavior on the nanoscale. This may aid the answering of profound
fundamental questions relating to the out-of-equilibrium behavior of chemically
fueled biological systems and, ultimately, how chemistry becomes biology.
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