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Information is a physical quantity, the realisation of which transformed the physics of measure-

ment and communication in the latter half of the 20th Century. However, the relationship and
flow between information, energy and mechanics in chemical systems and mechanisms remains
largely unexplored. Here we analyze a minimalist experimental example of an autonomous artifi-
cial chemically-driven molecular motor - a molecular information ratchet - in terms of information
thermodynamics, a framework that quantitatively relates information to other thermodynamic
parameters. This treatment reveals how directional motion is generated by free energy trans-
fer from the chemical to the mechanical processes involving the motor. We find that the free
energy transfer consists of two distinct contributions that can be considered as “energy flow”
and “information flow”. We identify the efficiency with which the chemical fuel powers the free
energy transfer and show that this is a useful quantity with which to compare and evaluate
mechanisms of, and guide designs for, molecular machines. The study provides a thermodynamic
level of understanding of molecular motors that is general, complements previous analyses based
on kinetics, and has practical implications for designing and improving synthetic molecular ma-
chines, regardless of the particular type of machine or chemical structure. In particular, the
study confirms that, in line with kinetic analysis, power strokes do not affect the directionality of
chemically-driven molecular machines. However, we also find that under some conditions power
strokes can modulate the molecular motor current (how fast the components rotate), efficiency
with respect to how free energy is dissipated, and the number of fuel molecules consumed per
cycle. This may help explain the role of such conformational changes in biomolecular machine
mechanisms and illustrates the interplay between energy and information in chemical systems.

Introduction

Understanding how and why a machine works in the way it does is crucial for optimizing designs and inventing
new ones. For macroscopic machines such an understanding can be deduced from engineering principles and
Newtonian physics. In contrast, at the molecular level there is no simple explanation for why individual
components of biomachines move in a particular way. Is the movement of a specific amino acid in ATP
synthase a key requisite for the mechanism, or does it occur incidentally as part of an evolutionary pathway
that was overall successful? Biomolecular machines operate autonomously, apparently through Brownian ratchet
mechanisms.'® They use energy and information to rectify the directionality of random thermal movements of
their components so that work can be performed. This type of machine includes biological pumps and motors,
in which the energy is generally provided in the form of a chemical potential gradient.®” Chemists are learning
how to design synthetic analogues of such machines,® '* with examples including a minimalist autonomous
chemically-fueled molecular rotary motor'* (Fig. 1).

Kinetic models have proved useful'®'7 in describing the behavior of molecular machines, but such analysis is
inherently unable to give an account of free energy transfer from the fuel to the machine. The consideration of
thermodynamics is essential to understand free energy transduction, how this drives directional motion and gen-
erates the capacity to perform work'®, and, hence, how to optimize motor’s design. Up to now attempts'? 1924
to design molecular motors have been led by chemical intuition, with little opportunity to reliably judge the
effectiveness of a machine’s design or performance unless and until it has been realized experimentally.

Recently, stochastic thermodynamics has emerged as a method for studying systems that operate at energies
of the order of thermal fluctuations.?° ?® The theory is valid even when systems are driven far from equilib-
rium?>2%3% and has been used to study nonequilibrium nanoscale systems.?' 3¢ A major achievement in this
field was the connection made between stochastic thermodynamics and information theory,?” which gave birth



to “information thermodynamics”.?®3” Information thermodynamics relates information to other thermody-

namic quantities, such as free energy and entropy, and has proved particularly successful in resolving apparent

thermodynamic paradoxes, such as Maxwell’s demon.*"
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Figure 1. A Rosetta Stone for chemical (reactions and co-conformational dynamics) and information
thermodynamics descriptions of a molecular motor; two distinct but complementary accounts of the
processes involved in a minimalist, autonomous, chemically-fueled, molecular rotary motor. a, Chemical
structure of the rotary motor and the chemical reactions involved in its operation. The motor comprises a benzylic
amide macrocycle (magenta) and a track with two fumaramide binding sites (yellow, non-deuterated; green, deuterated
for analytical purposes). The macrocycle randomly shuttles between the two fumaramide sites when its path is not
blocked by Fmoc groups (purple). The fueling reaction consumes the fuel (Fmoc—Cl) and attaches an Fmoc group to
the track, while the waste-forming reaction removes the Fmoc group (allowing passage of the macrocycle) and generates
waste species (dibenzofulvene and COj). The fueling reaction is catalyzed by a pyridine-based nucleophilic catalyst (e.g.,
4-dimethylaminopyridine or the bulky catalyst shown in Fig. 4a). Note that both reactions are considered reversible, even
when the backward reactions (i.e. regeneration of fuel via barrier removal and waste products reacting to give barrier)
are extremely rare events.*! b, Information thermodynamics description of free energy transduction in the rotary motor.
In the chemical transitions, free energy is supplied to the motor (Ir(ur — puw)), part of which is dissipated (TSPe™).
Iy is the rate at which the motor reacts with the fuel, (ur — pw) the chemical potential difference between fuel and
waste species, T' the temperature, yehem the entropy production rate of the chemical transitions. The rest of the free
energy is supplied to the mechanical transitions either as energy (€) or information (RTZ) flow, where R is the gas
constant. Mechanical transitions dissipate this free energy (Tﬁ)med‘), generating directional motion of the macrocycle.
When & + RTZ = 0, mechanical transitions are at equilibrium and no net mechanical displacement of the macrocycle
can arise.

Here, we develop a quantitative understanding of the processes that drive an autonomous chemically-fueled
molecular motor'? (Fig. 1) using an analysis that incorporates concepts from information thermodynamics
within the framework of nonequilibrium thermodynamics of open chemical reaction networks.*>** Contrary to
common models in stochastic thermodynamics®®3°, our framework neglects fluctuations and describes macro-
scopic ensembles of chemical species characterized by experimentally measurable concentrations. The approach
is consistent with kinetic models'®'"#* but goes further by introducing a quantitative thermodynamic under-
standing of how autonomous molecular motors work. Two features, “information flow” and “energy flow”,
contribute to the transfer of free energy from the fuel to the machine that is the origin of current (i.e. the net
rate of displacement of the macrocycle directionally along the track, see Box I) in the motor. The effect of chang-
ing chemical gating,'® power strokes*>*7 (“a viscoelastic, free energy releasing, large-amplitude conformational
change”*>%7), and overall rates on current and efficiency (Box I) are examined through simulations, revealing
design principles for molecular motors. Particular insight is gained in terms of the role of power strokes in tuning
a motor’s performance while remaining consistent with core aspects of kinetic models,'%!744-4® informing the
current debate concerning the role of power strokes in biomolecular machines.**46:47

As a result, the mechanism of operation of the rotary motor can be understood in several different ways:
through chemical design,'* reaction kinetics,'”**? molecular dynamics,”® and now, nonequilibrium information



Box I. Definitions as applied to the minimalist rotary motor

Fueling reaction The reaction that consumes the fuel (Fmoc—Cl) and attaches an Fmoc group to the motor’s
track, generating HCI as waste product. Forward (ki/Fd) and backward (k"i/; ) rate constants
may depend on the macrocycle being proximal (p) or distal (d) to the reaction site.

Waste-forming reaction The reaction that removes the Fmoc group from the motor’s track, generating dibenzofulvene
and CO, as waste products. Forward (kE/VC\l,) and backward (ki/v(\i,) rate constants may depend
on the macrocycle being proximal (p) or distal (d) to the reaction site.

Chemical gating The bias of distal over proximal rate constants in fueling and waste-forming reactions, quan-
tified by kip/ kL (fueling gating) and kP / kdy (waste-forming gating).

Overall reaction rate The sum of the rate constants for a particular process: e.g., Fmoc addition through fuel-
ing reactions (k{p + k% p), Fmoc removal through waste-forming reactions (k2 + Edw),
mechanical shuttling (k4a + k—a or kL a + k_A).

Current The net rate of directional displacement of the macrocycle along the track, quantified by
equation (4).
Efficiency The free energy available to the motor to dissipate as mechanical motion compared to the free

energy available from the fuel-to-waste reaction, quantified by equation (5). This definition
of efficiency does not take into account the background fuel decomposition.
Power Stroke The viscoelastic, free energy releasing, mechanical shuttling of the macrocycle along the
track. The free energy released is quantified by the change in standard chemical potential
due to a net mechanical displacement: ,ufl’g — ,uig and ,ucl’g — u‘ig # 0.
Kinetic Asymmetry The kinetic preference for one direction over the other in a chemomechanical cycle, embod-
ki akly o (kP n[HCU+KP )2 ([Fmoc—Cllk{ g +[CO, ] [DBF]kS )2
k_ak" A ([Fmoc—CIJkY +[CO,][DBFIKY )2 (k4 [HCI+k )2’
where DBF stands for dibenzofulvene. When K, > 1, the motor preferentially cycles in the
forward direction as apparent from equation (4).

ied by the ratcheting constant: K, =

thermodynamics. Accordingly, this minimalist molecular motor can act as a “Rosetta Stone” for relating
these disparate frameworks!6:17:3%4449-51 "aiding the translation of concepts and relationships between energy,
information, kinetics and molecular structure.

A bipartite chemical reaction network for the minimalist rotary motor

The rotary motor in Fig. 1 comprises a cyclic track with two degenerate binding sites (distinguishable by one
being labelled with deuterium) for a macrocycle.'* Fluorenylmethoxycarbonyl (Fmoc) groups, that sterically
prevent passage of the macrocycle, can be attached to hydroxy residues on the track (Fig. 2). When only
one barrier is in place, macrocycle shuttling enables exchange between two co-conformers (“co-conformers” are
structures that differ in the relative positions of the components®?) that have the macrocycle either proximal or
distal to the free hydroxy group. The fueling reaction kinetically discriminates between the two co-conformers,
favoring the reaction of the distal co-conformer over the proximal co-conformer. Under basic conditions, the
waste-forming reaction removes barriers without any chemical gating. The chemical gating afforded by the biased
fueling reaction, and the free energy supplied by the fuel-to-waste conversion, result in directional movement
of the macrocycle around the track. The rotary motor can be represented by a chemomechanical network of
reactions (Fig. 2) in which mechanical and chemical transitions are coupled, as in common models for biological
molecular motors** and minimal Brownian motors with external dichotomous noise®®. Since no transitions
enable simultaneous change in the mechanical and chemical state, this network is said to be bipartite.??:°*

Information thermodynamic analysis

As detailed in the Supplementary Information (SI), the rotary motor is modelled as the isothermal open
bipartite chemical reaction network®’4%%3 shown in Fig. 2. The concentrations of the six motor species
2H,2D,1g,18,1g,1g (see Fig. 2 caption) evolve according to the rate constants of each reaction following mass-
action kinetics. The system is open because the concentrations of fuel (Fmoc—Cl) and waste (HCl — liberated
as part of the fueling reaction, and subsequently neutralized by KHCO, that is present to produce KCI, CO,
and H,O — and dibenzofulvene and CO, produced during the waste-forming reaction) species are kept con-
stant through addition from, or removal to, an external source. An important quantity for our analysis is the
chemical potential gradient between the fuel and waste species ((Fmoc—c1 — HHCI — fdibenzofulvene — ,ucoQ) which
we denote up — pw. For any thermodynamically consistent set of parameters (see Methods), the system will



A
Mechanical state

[Fmoc CllkY R
. [HCIA?
[CO,)[DBFk

W

>

kP

[CO.][DBEA
O,

[Fmoc-CIJ&E

NIEON | )

O kia||ka

[Fmoc-CIJKY kY
[HCLAP [CO.][DBFJk4
[CO.|[DBFI&Y [HC1 K &
kP W © [Fmoc-ClJkd ¢

© ) © g

| . Chemical state
T T 1

1P 2 1H

v

Figure 2. Rotary motor as an open and bipartite chemical reaction network. The state of the motor can be
represented as a combination of two mechanical states (subscript D or H, expressing whether the macrocycle is binding
to the deuterated or non-deuterated site on the track) and three chemical states (1°, 2 or 1™). The number in the
chemical state shows the number of the Fmoc groups attached to the track; the superscript H or D denotes the binding
site close to the attached Fmoc group. Note that chemical states without any Fmoc group on the track are neglected.
The mechanical transitions involve displacement of the macrocycle, the rate constants for which are denoted kya, k—a,
k' and k” . Subscript A signifies that they are the rate constants of mechanical transitions, which are only coupled
to the thermal reservoir. Rate constants with and without the prime (') are for the interconversion between 15 and 15,
and the interconversion between 13 and 12, respectively. Subscript’s sign shows the direction of the transition (+ for
the clockwise and — for the counterclockwise direction). The rate constants of the fueling reaction and its reverse are
kD

denoted as k. and k}_:/F , respectively. Superscript shows whether the macrocycle is proximal (p) or distal (d) to the

reacting hydroxy group. The rate constants of the waste-forming reaction and its reverse are denoted as ki/vf, and ki/\;l,,
respectively. In the experimental rotary motor, a clockwise current across the network is generated because kﬁ’_p < kd+F,
kP = k4, and free energy is supplied to the motor by the fuel-to-waste conversion. The chemical gating in the fueling
reaction arises due to the steric crowding in transition states of the proximal co-conformers (15 and 1]) compared to

the distal co-conformers (18 and 15) Circled arrows represent the most probable (i.e., most frequent) clockwise path.
DBF stands for dibenzofulvene.

evolve towards a stationary state in which the concentrations of all the motor species (i.e., all co-conformations
and chemical states of the motor) are constant in time, as are the thermodynamic properties of the system.
The entropy production rate (the entropy changes in the system and in the reservoirs per unit time) denoted
> measures how far from equilibrium the motor operates and has to be non-negative by virtue of the Second
Law of Thermodynamics.’® When multiplied by temperature (T) it corresponds to the amount of free energy
that is instantaneously dissipated by the motor (TZ) In a stationary state, the only kind of state that will
be considered in this paper, all the free energy from the conversion of the fuel-to-waste is dissipated by the
motor: TY = Ir(up — pw) > 0, where Iy is the rate at which the fuel is consumed by the motor (we neglect the
fuel-to-waste background reaction).*® This indicates that a non-null chemical potential gradient between fuel
and waste species (we consider the case where pup > pw) is necessary to drive the system out of equilibrium,
and produce directed motion. However, this expression gives no information as to how free energy is consumed
nor the amount of dissipation specifically devoted to sustain directional motion of the components.

To obtain a more in-depth understanding, we use information thermodynamics to split the free energy dissipa-



5

tion rate into two separately non-negative contributions (Fig. 1b), one due to the chemical transitions (TZChem)

and the other due to the mechanical transitions (Tﬁ]meCh). This is possible since the Fmoc-motor chemical
reaction network is bipartite:3’

T3:°hem>( Tymech>(
TE:IF(,UF—/Lw)—g—RTI+5+RTIZO (1)

This dissection of terms in equation (1) underlines that the free energy supplied by the fuel is only partially
dissipated via the chemical processes as Tychem while the remaining part is transferred to the mechanical
processes and dissipated as T%™¢? . This transfer of free energy is composed of a standard free energy part,
denoted “energy flow”:

€= J(usp — Hip + Hn — H5n), (2)

and a mutual information part,?” denoted “information flow”:

; [1R][15]
(1p)[1Hl
where R is the gas constant and .J is the stationary clockwise (as viewed in Fig. 2) current at which the motor

operates (see Box I). This current can be expressed as
J = ke a[1R] — k_a[1B] = K, a[1H] — K_s[1H]= D(K, — 1). (1)

where both T' and K, are positive quantities (for derivation, see SI section V B4), the latter denoting the
ratcheting constant (recently applied in the context of dissipative self-assembly'”*?) which quantifies the kinetic
asymmetry of the motor!®!6:56 (see Box I).

Under the experimental conditions in which the motor was originally operated,'? the rotary motor is driven
purely by information flow as the macrocycle binds with equal affinity to fumaramide stations adjacent to
a hydroxy group and an Fmoc group (within the detection limits of *H nuclear magnetic resonance (NMR)
measurements), so there is no energy flow. However, when the standard chemical potentials of the distal and
proximal co-conformers differ, energy flow arises according to equation (2). An example of this could arise if there
was, say, a stabilizing interaction between the macrocycle and the Fmoc group, which would lead to an increase
in energy of the macrocycle upon removal of the Fmoc-barrier close to it. As a consequence, the standard
chemical potential would decrease, leading to the release of heat, each time net mechanical displacement occurs
in the forward direction. This fits the definition of a “power stroke”?%™*7 (see Box I). Therefore, according to
equation (2), the energy flow accounts for the part of the fueling free energy that contributes to destabilizing
the macrocycle during chemical transitions and which is subsequently dissipated in a power stroke.

Mutual information quantifies the correlation between the two parts of a bipartite system??°*, here the
chemical and the mechanical states. For instance, when [1H] (the concentration of the species 15) and [15)]
are larger than [13}] and [1B)], respectively, a correlation is present between the mechanical and chemical states:
when the motor’s chemical state is 17, its mechanical state is more likely to be D than H. Likewise, when the
motor’s chemical state is 1P, its mechanical state is more likely to be H than D. A concentration distribution
with this kind of correlation has smaller (Shannon-like®”) entropy than one without ([11] and [15] equal to [1H]
and [1E], respectively). Therefore, correlation between the mechanical and chemical states (mutual information)
generates an entropic driving force for a directional current (from [1H] to [13]] and from [1D] to [18]). From
the thermodynamic viewpoint, mutual information constitutes the entropic contribution of the free energy that
comes from the fuel. As mutual information is constant in the stationary state, changes in mutual information
due to the chemical processes and mechanical processes are balanced®’. If, as in the above situation, Z > 0, the
chemical transitions are producing mutual information that is consumed by the mechanical ones. Therefore,
according to equation (3), the information flow accounts for the part of fueling free energy that contributes to
increasing the system’s mutual information during chemical transitions and which is subsequently erased by
mechanical shuttling.

Regimes where the free energy supplied by the chemical to the mechanical processes is exclusively due to the
information flow (RTZ), and thus lack any energy flow (&), are denoted as pure Maxwell demon regimes.*’

This analysis demonstrates that the free energy supplied to the mechanical processes by the energy and
information flows, RTZ + &, is the origin of net directional motion of the macrocycle around the track. Indeed,
in the absence of such flow (RTZ + £ = 0) the mechanical transitions are at thermodynamic equilibrium
(xmech — ) meaning a zero directional shuttling current (J = 0; see equation (4)). From an information
thermodynamics perspective, the molecular motor operates by using chemical processes to transduce the free



energy supplied by the fuel into the free energy supplied to the mechanical processes. The efficiency of this
transduction is the ratio of the latter to the former and is bounded between zero and one due to the non-

negativity of ychem:
RTT + € Tschen
Ognzi—’—:l—igl (5)
Ir (pp — pw) Ir (pr — pw)

In this setup, the energy and information flows are entirely dissipated by the shuttling of the macrocycle as
Ty.mech  If the mechanical steps of the motor were to work against a force (for example if a load were attached
to the macrocycle), T mech would incorporate a negative work term in addition to RTZ + &, which could serve
to define the efficiency of the energy and information flows being converted into output work, instead of just
being dissipated. The energy and information flows would thus constitute the maximum work output that can
be delivered by the motor. A traditional thermodynamic analysis of such a motor?®26°7 would exclusively focus
on the efficiency with which the input free energy supplied by the fuel-to-waste chemical potential gradient is
converted into output work, thus over-estimating the maximum work output as the overall free energy input
Ir(up — pw). The present approach refines this analysis by showing how the input-to-output transduction is
mediated by the free energy transfer within the motor, whose efficiency n (equation (5)) limits the maximum
work output potentially deliverable by the motor. It also formally defines a thermodynamic efficiency that can
be applied to motors while they perform no appreciable output work, as is the case for most of the synthetic
molecular motors made to date, and can serve to compare the efficiencies of their operation.

The framework we have outlined can also be used to re-derive previous results obtained using kinetic argu-
ments as a consequence of the Second Law of Thermodynamics in bipartite systems. In the SI (section V B),
we show that the condition TS™¢h=( implies K, = 1, while the condition 75™¢" > 0 implies K, # 1, with
forward movement when K, > 1. This shows how the nonequilibrium thermodynamic framework, which focuses
on energetic aspects quantified by the dissipation TS is consistent with previous analysis!°~'7*? focusing
on kinetic aspects quantified by K, which determines the sign of the current J according to equation (4). This
reiterates the effectiveness of this information-thermodynamics-based approach and, again, demonstrates the
usefulness of this minimalist molecular motor as a Rosetta Stone for the translation of meaning and under-
standing between different frameworks for describing phenomena.

Previously,'” the ratcheting constant has also been related to the ability of a dissipative self-assembly system
to store free energy, but this connection is only valid in an operating regime where chemical transitions are
significantly faster than mechanical ones. The information thermodynamics framework offers a general under-
standing of dissipative chemical systems and establishes limits to the maximum work deliverable by them that
are valid in any operating regime, thanks to concepts such as the efficiency 1 introduced in equation (5).

Design principles for molecular motors

To demonstrate the use of our framework as a design tool, we explored the effects of altering the design
features of the rotary motor on its current and efficiency (see SI section VI). Basing the simulations on exper-
imentally derived parameters'® (see SI section VI A), we established that under the experimental conditions
employed, the rotary motor is driven purely by information flow as only the macrocycle distribution, rather
than binding site affinity (within the detection limits of 'H nuclear magnetic resonance (NMR) measurements),
is altered during operation. Under experimental conditions ([motor] = 10mM, [Fmoc—Cl] = 30 mM, which
is sustained by constant addition, [bulky catalyst] = 50 mM, [Et;N] = 15mM, [KHCO;] = 200 mM, CH,Cl,,
room temperature),'? the current was estimated to be 2.1 - 10~8moldm—3s~!, requiring an average of seven
fuel molecules per cycle per motor, though only 107% of the free energy provided by the fuel is used to sustain
the current (efficiency, n = 1078, see equation (5)).

Kinetic modifications

Varying model parameters allows consideration of the effects of potential structural and chemical changes on
the rotary motor (SI section VI B1). Greater chemical gating for either the fueling (Fig. 3a, b) or waste-forming
reaction (SI section VI B2) increases the current and efficiency by increasing information flow. The former has
been achieved by increasing the steric bulk of the barrier-formation catalyst'*°%5% (Fig. 4a) and the latter by
catalysis of barrier removal by a proximal macrocycle (Fig. 4b).>* Gating of both fueling and waste-forming
reactions (SI section VI B3) was recently demonstrated in a [2]rotaxane information ratchet.?* Inverting chemical
gating is predicted to reverse the direction of the motor and could be achieved if the macrocycle activates, rather



than hinders, proximal barrier formation (Fig. 4c). In the absence of a kinetic preference, or when gating from
the fueling and waste-forming reactions cancel out, the motor stops working, as this precludes information flow
and hence mechanical dissipation (3™¢! = (). These results are consistent with kinetic models where kinetic
asymmetry predicts the direction of the current.'® 7
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Figure 3. Numerical simulations of different molecular motor design modifications. Simulated current (J,
top) and efficiency (7, bottom). Solid white lines indicate the regions of null current (and efficiency). White circles
indicate the approximate parameters of the experimental rotary motor, giving a current of 2.1 - 108 moldm=3s~! and
efficiency of 107%%. Directional motion in the experimental rotary motor arises because distal fueling reactions are ~ 4x
faster than proximal fueling reactions (chemical gating, kiF / kﬁ’rF ~ 4), due to steric hindrance of the proximal transition
state, while there was no chemical gating of waste-forming reactions (kP .y / kd\w = 1). a,b, Overall rate of the fueling
reactions (x-axis) and fueling gating (y-axis) are varied. c¢,d, Overall shuttling rate (x-axis) and the ratio of forward and
backward shuttling rates (indicative of power stroke magnitude, see Methods) are varied. Power strokes are introduced
in a way that induces energy flow (£) while keeping K, constant. Below the dashed white lines, information flow (RT'Z)
is positive and thus contributes to mechanical dissipation ymech while above these lines, information flow is negative,
requiring the motor to be driven by positive energy flow (£ > 0). Negative energy flow is found below the orange dashed
line. e,f, Overall shuttling rate (x-axis) and ratio of shuttling rate between stations (y-axis) are varied. When this ratio
diverges from one (indicating non-degenerate binding sites, see Methods), both the current and efficiency drop. The pink
+ symbol indicates the position expected by changing one fumaramide group to a succinamide.’® The orange x symbol
indicates a position with a 3:1 difference in binding site affinity for the macrocycle.

Power stroke modifications

The relevance of power strokes in molecular machinery is contentious as power strokes are often experi-
mentally observed in biological molecular motors,***® but according to analysis based on kinetic asymmetry,
the magnitude of the free energy released by such conformational changes does not affect the properties of
chemically-driven molecular machines such as directionality and stopping force, and cannot improve the effi-
ciency of a motor to work against an external force.*” To reconcile differing viewpoints as to the significance of
power strokes in molecular machines, we attempted to use our framework to understand the ways in which a
power stroke can affect a molecular motor while staying kinetically and thermodynamically consistent. Power
strokes can be used to induce energy flow (equation (2)) and, in principle, could be added to the rotary mo-
tor by introducing attractive interactions between the barrier and the macrocycle (Fig. 4d), stabilizing distal
co-conformers 18 and 1%, or by adding repulsive interactions between the free barrier site and the macrocycle
(Fig. 4e), destabilizing proximal co-conformers 15 and 1X. Our simulations show that power strokes can change
the magnitude of the current and efficiency of internal energy transduction (as defined in equations (4) and (5),



respectively) despite kinetic asymmetry remaining unaltered (see Methods, SI section VI B4). This is because,
while not altering K, power strokes can still increase the value of I' in equation (4), reflecting their ability to
favor forward cycles by inducing energy flow out of equlibrium (Fig. 3¢, d). However, power strokes cannot
drive directional motion in the absence of kinetic asymmetry (RTZ = —& when K, = 1), nor can they invert
directionality while the kinetic asymmetry remains constant. In these simulations, altering power strokes and
kinetic asymmetry together (SI section VI B5) gave the greatest simulated efficiency suggesting that modifying
both aspects may be important for optimizing the design of synthetic molecular motors. We note that im-
provements that occur through power strokes arise from the induced energy flow rather than from any special
role for the energetically downhill nature of the power stroke in determining the motor’s behaviour. As our
analysis shows, a prerequisite for the motor’s operation is the availability of free energy to dissipate through
mechanical motion. Therefore, any design feature that enhances free energy transduction from the chemical to
the mechanical transitions could equally well foster improvements in performance.

If power strokes cancel out over the motor cycle, then no net energy flow is introduced: free energy gained
from one mechanical transition is lost in the other (see Methods, SI section VI B6). This could be realized in
molecular form by using non-degenerate binding sites, for example, changing one fumaramide site to a more
weakly-binding succinamide unit (Fig. 3e, f and 4f) with a typical difference in binding energy of 23 kJmol~!
(pink + symbol, Fig. 3e, f, equilibrium distribution >99:1)°° under experimental conditions similar to those
used for rotary motor operation. Kinetic asymmetry remains unaltered in this scenario and, correspondingly,
the direction of the motor could not be inverted in the simulation.'®'” However, our analysis suggests that such
a change would be sufficient to effectively stall the motor, if operated under the original experimental conditions,
despite the unchanged kinetic asymmetry. The simulations predict that, with power strokes cancelling out, any
change from degenerate binding sites lowers the current and efficiency, though a smaller difference would leave
the motor functional, albeit less effective. A 3:1 bias®® (orange x symbol, Fig. 3e, f,) is predicted to reduce
the current by ~ 20%, rendering a design with non-degenerate binding sites plausible but less effective than a
motor with binding sites of equal affinities.

In all of the cases considered, the highest efficiencies are predicted for when the rates of all the forward
processes are approximately equal, leading to a cycle with no single rate-limiting step. Rate-limiting mechanical
steps promote futile cycles, in which fuel is consumed without taking a forward step, as the unfavorable fueling
reaction is kinetically favored over shuttling, decreasing both current and efficiency. Rate-limiting chemical
reactions decrease the information flow in the steady-state since fast shuttling hinders the generation of a
concentration bias compared to mechanical equilibrium, resulting in lower thermodynamic efficiency without
reducing current or substantially changing fuel consumption per cycle. The strong dependence of efficiency
on shuttling rate indicates that, like macroscopic engines, the efficiency of a motor will be dependent on the
load it is working against.®> To use molecular machines most efficiently, they must either be tailored to the job
they perform — such as using diesel engines for heavy loads — or they must use the equivalent of gears for
macroscopic engines, to ensure they are working under optimal conditions.

Conclusions

Information thermodynamics-based analysis of a minimalist autonomous chemically-driven molecular motor
shows how information and energy flow, the two components of free energy transfer from chemical to mechanical
transitions, enable the generation of directional motion from free energy supplied by a chemical fuel. The
experimental rotary motor is a pure “chemical Maxwell’s demon”, as information flow is the sole driving force.
However, energy flow could potentially be introduced using power strokes, one of several design variations
explored using our model. The predicted effect of energy flow is in line with observations made in biological
motors** and contributes to the ongoing debate regarding the role of power strokes in molecular motors*4%,
Information thermodynamics confirms that, in line with kinetic analysis, power strokes do not affect some key
properties of chemically-driven molecular machines such as directionality. However, the magnitude of power
strokes is able to affect the magnitude of the current (how fast the motor components rotate), the efficiency in
terms of how free energy is dissipated, and the number of fuel molecules consumed per cycle. But these results
should not be misinterpreted as supporting special significance of power strokes compared to other processes in
the chemomechanical cycle. The information thermodynamics framework used in this paper should be generally
applicable to other types of synthetic molecular machines, such as non-autonomous'?'? and light-driven®% !
motors, providing a quantitative basis through which to compare molecular machine designs. Additionally, it
could, in principle, be extended to other types of (supra)molecular systems (such as dissipative self-assembly'7)
powered by chemical engines®'. We have uncovered for the first time significant roles for ‘energy flow’ and
‘information flow’ in the mechanism of the transduction of free energy from chemical reactions by molecular
machinery, although the exact nature of the connection of energy and information flow to energy and information
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Figure 4. Potential ways of achieving different molecular motor design modifications. a, Increasing the steric
bulk of the catalyst could be used to increase the fueling chemical gating by slowing the undesired proximal reaction. b,
Addition of a catalyst for the waste-forming reaction to the macrocycle could increase waste-formation chemical gating
by increasing the rate of the proximal waste-forming reaction. ¢, Addition of a catalyst to the macrocycle that accelerates
rather than hinders proximal barrier formation could negate chemical gating arising from steric hindrance, leading to
an inversion of the directionality of the motor. d, Allowing the formation of a complex that binds the barrier and the
macrocycle could allow the introduction of a power stroke by stabilizing the co-conformer in which the macrocycle is
adjacent to the barrier. e, Conversely, a power stroke might be introduced by destabilizing the co-conformer with the
macrocycle adjacent to the site with no barrier, for example by introduction of coulombic repulsion. f, Swapping one
fumaramide binding site for a succinamide should, in principle, be sufficient to stall the rotary motor under the previous
experimental operating conditions.

ratcheting!-%? remains to be clarified. The minimalist autonomous chemically-driven molecular motor acts as

a Rosetta Stone for relating energy, information, kinetics and molecular structure by aiding the translation of
concepts and relationships between the ‘languages’ (i.e. frameworks) of chemical kinetics, thermodynamics and
chemical reactions.

Methods

Wegscheider’s conditions: To ensure that the system reaches thermodynamic equilibrium (detailed bal-
ance), when there is no chemical potential gradient between fuel and waste species (up — pw = 0), the rate
constants must satisfy Wegscheider’s conditions.*?> These are equivalent to the constraints on the rate constants
imposed in previous kinetic analyses®'%® and dictate that the product of the forward rate constants along each
independent cyclic pathway of reactions in the network, with neither net consumption nor net production of
fuel or waste species, must equal the product of the corresponding backward rate constants:

P phy Ak pkP okl aklp = KB ph Ak gk ok A k% (M1a)

kP ki akSwhkP Wk akSw = kS whoakdwkD okl akdy (M1b)
see SI for derivation. These conditions were always imposed in numerical simulations to guarantee thermody-
namic consistency.*!

Local Detailed Balance: In Fig. 3, variations in the power stroke magnitude have been related to changes
in the ratio of shutting rate constants by virtue of the so-called “principle of local detailed balance” (see below),
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which relates the log-ratio of forward and backward rate constants of a single chemical reaction to the difference
in standard chemical potentials between its reagents and products*? (see SI equation S.33). For instance, it
implies the relation

k+Aki‘FA o (o) o [e]
RT log <k—Ak/_A = Hp ~ 3z + Hqu = Hqn (M2)

which was employed in numerical simulations.
In addition, Wegscheider’s conditions (equations (M1la) and (M1b)) imply that a variation in the power stroke

magnitude must always be compensated by a variation in the fueling and waste-forming rate constants, since
the following constraint (equation (M3)) must always hold for thermodynamic consistency:

kin kg-Aikﬁ-FkiF kiwkiw
koa Kon  KPpkdn K gkdy

(M3)

When energy-flow-inducing power strokes were introduced in Fig. 3c and d, the constraint in equation (M3) was
imposed by changing rate constants kiw and kjﬁ_F according to variations in shuttling rate constants. By doing
so, kinetic asymmetry (K) is not altered during the simulation, but the magnitude of the current in equation (4)
can still change by virtue of alterations in the value of the positive factor I" (for its mathematical expression,
see SI section V B4). Instead, in Supplementary Fig. S.5 rate constants kiw and k® . were changed to vary
energy flow and K, together. Experimentally, this could correspond to introducing an interaction between the
macrocycle and the Fmoc group that affects (Supplementary Fig. S.5) or not (Fig. 3¢ and d) the transition state
of the proximal fueling reaction, without affecting the transition state of the proximal waste-forming reaction.
Note that, when binding affinities are modified as in Fig. 3e and f, the left-hand side of equation (M3) stays
constant and the constraint is automatically satisfied.

We end by noting that the terminology “local detailed balance” comes from statistical physics®®, where
it has become the central concept to formulate thermodynamically consistent dynamics®%°. Its chemical
counterpart®? (see SI equation S.33) is fully equivalent to usual conditions imposed on the rate constants to
ensure that microscopic reversibility holds*” (see for instance equation 5 in reference 16). We note that use
of the term “local detailed balance” in this context is considered contentious by some.'® For a more detailed
discussion see SI section III.
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