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Abstract

For several decades, molecular motor directionality has been rationalized in terms
of the free energy of molecular conformations visited before and after the motor takes
a step, a so-called power-stroke mechanism with analogues in macroscopic engines.
Despite theoretical and experimental demonstrations of its flaws, power-stroke language
is quite ingrained, and some communities still value power-stroke intuition. By building
a catalysis-driven motor into simulated numerical experiments, we here systematically
report on how directionality responds when the motor is modified accordingly to power-
stroke intuition. We confirm that the power stroke mechanism does not generally
predict the directionality. Still, the relative stability of molecular conformations can
nevertheless be a useful design element that helps one alter the directional bias of a
molecular motor. The ostensible effectiveness of power-stroke intuition is explained
by the recognition that to target conformation stability, one must alter interactions

between moieties of a molecular motor, and those altered interactions do not affect the
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power stroke in isolation. This can lead to apparent correlations between power stroke

and directionality that one might leverage when engineering specific systems.

Introduction

Giving a preferred direction to the stochastic motion of molecules challenges our physi-
cal intuition, which is strongly informed by the macroscopic, deterministic regime.! At the
nanoscale, inertial dynamics gives way to the randomness dance of Brownian motion, a dance
that can be subtly biased to drift in one direction or another.” Living systems achieve di-
rectionality using molecular machinery® like kinesins,* dyneins,” and myosins,® processive
motor proteins that move along microtubules in a preferred orientation. These autonomous
motors are chemically driven by the hydrolysis of adenosine triphosphate (ATP) into adeno-
sine diphosphate (ADP) and inorganic phosphate (P). Under physiological conditions, a
thermodynamic driving force favors a net decomposition of ATP causing the motors to
experience an environment with nonequilibrium concentrations of ATP, ADP, and P. By
catalyzing ATP decomposition, the molecular motors couple their motion to the chemical

driving force, transducing the free energy from the environment into directed motion."™ Ex-
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tensive experimenta and theoretica studies have dissected mechanistic aspects of
these processive motor proteins, leading to a comprehensive characterization of the chem-
istry underpinning their stochastic stride. One feature that is quite commonly observed
(but by no means universal**) across the different architectures of these motor proteins is
that the conformational changes allowing a motor to take a step are energetically downhill
in the direction of motion. 28 These thermodynamically favored stepping reactions are
frequently named “power strokes” and described as free-energy releasing, large-amplitude
conformational changes.”” The concept of power strokes is historically rooted in the study

of the role of myosin in muscle contraction and was introduced to describe large structural

changes in molecular motors performing mechanical work.”®#? Pictorially, it has been de-
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scribed as “the molecular analogue of an inclined plane”.®" Since the initial discussions of
power strokes, many have focused on them as a feature necessary to generate a directional
bias in molecular motors and perform work.1#3180 Power-stroke intuition has furthermore
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guided successful experimental efforts to reverse the direction of biological motors and

realize artificial light-driven motors. 44

However, power strokes are known to be an incomplete and even problematic proxy for
the directionality.#%“% In short, theoretical arguments clarify that conformational changes
yielding directed motion can be energetically uphill, downhill, or even flat, thus providing
no information on directionality. Though the theoretical explanations are sound, it can be
challenging for them to fully permeate given their abstractness and the apparent success of
power strokes in explaining and engineering motors. Here, we set out to clarify why power
strokes might serve as a design tool for engineering catalysis-driven motor performance even
though they cannot be used to predict directionality in the absense of other information."

Our approach leverages explicit coarse-grained simulations of a minimal-model motor®!
that was inspired by an experimentally realized motor.?? In the last decade, chemists have
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designed such catalysis-driven motors as synthetic model systems capable of probing

the same fundamental principles of physics and chemistry that govern more complex pro-

tein motors. 4720758 The model systems?#94

were designed without a “downhill” step. In
other words, they specifically lack a power stroke, yet they realize directional motion via
a mechanism known as a Brownian information ratchet.?”%Y By building that fundamental
mechanism into simulated numerical experiments, we here report on how directionality re-
sponds when a power stroke feature, with variable strength, is added. In particular, we focus
on the motor’s bias, a measure of directionality quantifying the fraction of steps a motor
takes in a specific direction.

Our work complements earlier efforts*#%2%2 to understand the relationship (or lack

thereof) between power strokes and directionality in molecular motors and related systems.

Kinetic models have already clarified that directionality only emerges when different motor
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conformations have different catalytic properties, a condition known as kinetic asymme-
try. 9369 Based on these models, power strokes are irrelevant“® for directionality, in that the
kinetic asymmetry and hence the motor bias can run counter to the power stroke’s orienta-
tion, a fact our simulations explicitly confirm. One might, however, naively misinterpret the
irrelevance as a stronger claim: that introducing a power stroke into the motor chemistry
would not affect the motor’s bias. Our simulations clearly caution against that interpre-
tation; adjusting the strength of the power stroke does alter the motor’s bias. Within the
regime where the changes to the power stroke and the resulting changes to the bias are
correlated, one could utilize the power stroke as a design element to optimize a motor. One
cannot expect those changes to be similarly correlated across all systems and all power stroke
strengths. Indeed, our simulations explicitly show regimes within the same system in which
larger power strokes yield more bias and regimes in which they yield less bias. Interestingly,
however, we find that within the regimes where the motor is fast turning up the power stroke
typically turns up the bias. This observation could explain why power strokes appear com-
mon throughout operational biological motors and why they have already been effectively

used to engineer motors.

Results and Discussion

The model

We sought an explicit molecular dynamics model capturing the key features of a molec-
ular motor®® using the minimal set of physical ingredients leveraged by chemically-driven
molecular machines in general, namely short- and long-range interactions, and Brownian
motion.*? As detailed in SI section 1.1, to build such a model, we coarse-grain moieties
into volume-excluding spherical particles whose “chemical identity” is entirely determined
by how they interact with each other. In essence, one can think of this model as a collection

of particles which reciprocally attract and repel each other according to fixed potentials.
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Those particles move in space with Langevin dynamics (see SI section 1.2) that incorporate
(1) forces between the particles, (2) drag forces with an implicit solvent, and (3) random
stochastic forces to mimic the thermal environment. Thanks to its coarse-grained charac-
ter, our model can be simulated over time scales that are much longer than those afforded
by classical all-atoms molecular dynamics simulations, which need enhanced sampling tech-
niques to efficiently sample the timescales typical of molecular machines operation.®™% For
illustrative purposes, we will color the particles according to their functional roles and use
those colors to keep track of the different particle types.

As shown in Fig. |1k and described previously,* our classical model can explicitly simulate
catalyzed coarse-grained chemical reactions. Consider a cluster of four blue particles bound
along the edges of a tetrahedron encapsulating a single red particle, whose presence strains
the blue tetrahedron. As a result, the filled tetrahedral cluster (FTC) is a metastable species
— the stochastic dynamics eventually lead the red central particle (C) to escape, leaving an
empty tetrahedral cluster (ETC).%? These uncatalyzed decomposition events are rare as they
require a large thermal fluctuation, but a patch of three white particles can catalyze this
FTC — ETC + C reaction. As shown in Fig. (bottom), when an FTC gets close
enough, interactions with the white particles stretch the blue particles enough for the red
C to escape and bind to the white particles. The typical mechanism for the catalyzed FTC
decomposition thus proceeds via a long-lived intermediate where a C particle binds to the
catalytic unit and eventually leaves. This mechanism can be thought of as a continuous,
microscopically reversible version of the Michaelis-Menten scheme executed explicitly within
a molecular dynamics simulation.

Akin to how biological motors are coupled to ATP decomposition, the FTC == ETC +
C reaction couples to the catenane motor shown in Fig. [Ib. Briefly, we choose interparticle
potentials (see SI section 1.1) so that black particles form a stable circular track around
which moves a shuttling ring built from green particles. That green ring feels an attraction

to two different orange particles, binding sites, located on opposing sides of the black track.
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Figure 1: A catalysis-driven motor simulated explicitly with coarse-grained molecular
dynamics. a, Coarse-grained catalysis. The uncatalyzed escape (top) of a bulky red particle
(C) from a full tetrahedral cluster (FTC) is thermodynamically favored, as the blue particles
experience strong harmonic bond interactions (see SI section 1.1) that make the empty tetrahedral
cluster (ETC) the most stable configuration. The process is faster in presence of a catalytic unit
(bottom) constituted by a patch of three white particles interacting with blue and red particles. b,
Structure of the coarse-grained motor. A ring of particles (green) can freely diffuse along a track
(black) incorporating two binding sites (orange) when its path is not hindered by a barrier (red).
The latter can form as long-lived intermediates during FTC decomposition catalyzed by either
catalytic unit. c, Simulation box. As detailed in SI section 1.2.1, a periodic-boundary-condition
simulation box is divided into a motor-containing region (yellow), where particles move according to
Langevin dynamics, and an exterior region (white), where the Langevin dynamics are supplemented
with grand canonical Monte Carlo chemostats holding FTC, ETC, and C species at fix chemical
potentials uprc, pETC, and pc, respectively, such that prrc — pgre — pe > 0. This setup allows
simulating the motor under nonequilibrium conditions associated with a surplus of FTC (see SI for
movies depicting representative simulations).
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Finally, two catalytic units are placed next to the binding sites.

Two sources of asymmetry are worth noting. The first is a structural asymmetry (or
anisotropy®®) in the motor’s design, where catalytic sites are placed just to the clockwise
side of the binding sites. The second is kinetic asymmetry,®% which arises because, when
the ring sits on a binding site, it hinders the proximal catalytic site. Consequently, the rate of
catalysis, and therefore the rate at which red particles bind to catalytic sites, depends on the
position of the ring. Structural and kinetic asymmetry are together necessary and sufficient
conditions to generate directional bias by harnessing fluctuations in chemical nonequilibrium
conditions. Indeed, a functional motor emerges when the reaction is held out of equilibrium
by the injection of FTC and removal of ETC and C, achieved in our case by chemostats
that preserve a chemical potential difference between the FTC, ETC, and C species, namely
prre — prre — e > 0, as illustrated in Fig. [I Our prior work has demonstrated that the
resulting model explicitly couples the FTC —= ETC + C reaction to drive steady-state
current of the shuttling ring, displaying similar kinetic relations to processes in experimen-
tal motors (e.g., shuttling is much faster than catalysis).” We have also shown that the
mean current can be flipped between the clockwise and counter-clockwise orientation with
structural changes,™ and statistical fluctuations in the current decrease with increasing FTC

consumption.™

Introducing a power stroke

The simulations allow us to measure how nonequilibrium steady-state dynamical behavior,
most notably the motor’s directional bias (the fraction of ring’s cycles in a specific direction)
and current (the net cycling rate), depends on the interactions between motor moieties. In
the present work, we focus on how the motor’s performance depends on the introduction
of a power stroke, achieved by setting the strength of interactions between red barriers and
green ring particles. To see that this interaction introduces a power stroke, it is useful

to recapitulate the basic mechanism of this class of catenane motors. The shuttling ring
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executes a random walk in which it dwells at one orange binding site before taking a rare
hop to the other binding site. This hop, initiated by a thermal fluctuation, can proceed in
the clockwise or counter-clockwise direction. However, if a red C particle is bound to a white
catalytic site, it acts as a barrier, blocking the ring from moving in that direction. If both
catalytic sites are blocked, the ring cannot hop from one binding site to the other. If none are
blocked, there can be no preferred direction. Motion with a directed bias requires a barrier
on one side but not the other, thus making the two conformations of Fig. particularly
important. One of those conformations has the green shuttling ring proximal to the red
C and the other conformation has those two far enough apart that they do no interact.
Because of the structural asymmetry, transitioning from the proximal to distal conformation
requires the ring to move counter-clockwise while a distal-to-proximal transition requires
clockwise rotation. Kinetic asymmetry promotes the distal conformation over the proximal
one, disfavouring barrier formation on the catalytic site close to the ring. The resulting
population imbalance is what ultimately creates directionality by making distal-to-proximal
jumps more frequent than proximal-to-distal. Power-stroke intuition would suggest that
one could drive the motion more strongly in the clockwise direction if the free energy of
the proximal configuration is lowered to stabilize that state, thus making distal-to-proximal
jumps more “irreversible”.

Within our simulation model, it is straightforward to adjust the interactions between
red and green particles, allowing us to both stabilize and destabilize that proximal state as
sketched in Fig. Zh. This is because the model includes a set of Lennard-Jones pair potentials

determining how one specific kind of particle attracts or repels the others:

o 12 o 6
ULennard—Jones(T) - 4ER <_) - 4‘SA <_> ) (1)

kg kg

where 7 is the distance between the particles, ¢ is their volume-exclusion radius, and €ep

and €4 are respectively the strengths of steric (short-ranged) and long-ranged interactions
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Figure 2: Modelling the power stroke. a, Sketch of how the power stroke can be tuned
in our simulation model. By varying the steric repulsion (er) and the long-range attraction (ea)
parameters between the green ring and the red barrier in Equation |1 the thermodynamic stability
of the proximal conformation with respect to the distal one can be arbitrarily varied, thus tuning
the magnitude of the power stroke, quantified by K.q. The average rate for transitioning between
the two conformations (kcw and kccw) will vary accordingly and can be directly extracted from
steady-state simulations. b, Hypothesized responses to varying proximal conformation free energy.
According to the power stroke mechanism (top), the free energy difference between distal and
proximal conformations dictate directionality, and the motor’s bias (as defined in Eq. ) increases
monotonically with Keq, being 0.5 when K.q = 1 as neither conformation is thermodynamically
favored. Kinetic models*® (bottom) have clarified that the motor bias would not change if the
free energy of motor conformations were varied in isolation, i.e., without affecting transition state
free energies. In this scenario (discussed as “Case 2” in Ref?), varying the power stroke is irrelevant
to the bias value. Consequently, deviations from this behavior are signatures that the free energy
of motor conformations are not varied in isolation.
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between red and green particles that can be tuned independently in our simulations. In our
model, the particles are always bulky (eg > 0) and long-range interactions can be either zero
(ea = 0) or attractive (e4 > 0). We can translate from the interaction strengths (eg and €4)

into the chemical language of an equilibrium constant since

[proximal]e,
[distal]eq

(2)

Keq(ERa EA) -

which is an effective quantification of the power stroke. Though we tune both €z and €4 in
our numerical experiments, we can extract the resulting Ke,(€er, €4) and thereafter focus our
attention on how the motor performance depends on it. K., = 1 corresponds to degenerate
proximal and distal states—no power stroke as in Ref.,* while K., > 1 corresponds to a
power stroke in the clockwise direction. By making the green and red particles strongly
repulsive, we can additionally induce a power stroke in the counter-clockwise direction with
Keq < 1. In synthetic terms, varying €4 or eg can be qualitatively thought of as allowing the
formation of a complex that binds the barrier and the macrocycle or as varying the steric
bulk of the barrier, respectively. Such strategies to experimentally introduce a power stroke

d72,73

in the motor have been previously propose and are here explicitly built into simulated

numerical experiments.

Motor bias as a function of K

For each green-red interaction strength, we simulated motors under the nonequilibrium con-
ditions and counted the number of clockwise (ncw) and counterclockwise (nccw) cycles

performed by the ring once the system has reached the steady state. The clockwise bias,

bias = few (3)

new + nNcew

is a measure of the fraction of completed cycles in the clockwise direction, so a bias of 0.5

implies no directionality. If the power stroke were a generic determinant of the motor’s
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direction, one would expect the bias to be 0.5 when K., = 1. Furthermore, one would
anticipate that the bias climbs above 0.5 when K., > 1 (favors proximal) and drops below
0.5 when K., < 1 (favors distal), as in Fig. 2b (top). We did not expect that power-stroke
prediction because we know from kinetic models that kinetic asymmetry is the ultimate
driver of directionality. Even with the identification of kinetic asymmetry as the driver,
however, it is not straightforward to anticipate how the kinetic asymmetry (and hence the
bias) would correlate with K.,. The answer depends on how one varies K.

One might consider a kinetic model in which only the free energy of that proximal state
is affected by the introduction of the power stroke and the free energies of all other states
and transition states remain unaffected. In that scenario, K., would be tuned accordingly,
and yet kinetic models make clear that the bias would not be affected.#®"# In graphical
terms, the bias would be flat as a function of K., as in Fig. (bottom). However, it is
not particularly physical to independently vary the free energy of a single state. A power
of our simulation model as compared to kinetic chemical reaction network models is that
we are introducing energetic interactions between moieties, not just changing the energies of
isolated states in a network model. By directly controlling interaction energies, we change
the motor in the same sort of way one might in a real experiment (e.g., make a moiety
bulkier, more charged, etc.). One might adjust those interactions with the explicit goal of
changing, say, the proximal state’s free energy, but other energies could also shift as a side
effect. For instance, when the attraction between the ring and the barrier is tuned up in our
simulation model, it has the effect of increasing the power stroke as visualized in Fig. [2h,
but it also decreases the rate for a red C particle to detach from the catalytic site in the
proximal conformation, altering the kinetic asymmetry, and thus the bias, as a side effect.
Our model naturally captures those side effects, which can allow power stroke engineering
to alter the motor’s bias.

Fig. —b (top) shows that the bias responds nontrivially to changes in the power stroke.

In agreement with the theoretical arguments,“® the data illustrate that the power stroke
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direction does not generically align with the bias. Fig.[3a (top), for example, shows clockwise
bias whether K, is greater than or less than 1. At the same time, the data show altering
the power stroke is not irrelevant in that the bias changes when K, is tuned. The particular
way the bias varies with K., depends on how K, is adjusted, either through eg or €4. For
three different fixed strengths of barrier repulsion, we adjusted the attractions from weakly
attractive to strongly attractive so as to drive from Kgq < 1 to Kgq > 1, revealing the
bias to be essentially insensitive to the repulsion strength (see Fig.[3a (top)). However, for a
fixed attraction strength, there is a threshold at which the repulsion (i.e., barrier’s bulkiness)
becomes so weak that the ring can pass over a barrier, thus causing the motor bias to collapse

and even go negative (Fig. [3b (top)).

Power strokes as an engineering tool

We have shown simulation results that explicitly illustrate a situation in which the power
stroke does not align with the directional bias; the bias exceeds 0.5 even when Kq is less
than one. One may, nevertheless, ask if some differential version of power-stroke intuition
can hold, namely if making the power stroke more strongly downhill to the right actually
makes the bias push more strongly to the right. From an engineering perspective, it would be
appealing to observe strong correlations between the change in power stroke and the change
in bias. Such a correlation would reflect that one can anticipate how the bias would change
by tuning the K., that regulates how probability partitions between only two states. Since
a change in interaction energies between pairs of moeities simultaneously shifts energies of
many states, it is a tremendous simplification if one can reason about the motor by focusing
only on the two states involved in a power stroke. The nonmonotonic dependence of the bias
on K., in Fig. |3 reflects that simplification cannot broadly hold because there are regimes
in which pushing K., harder to the right decreases the rightward bias. Nevertheless, the
simplification can apply within the monotonically increasing regimes observed in the top

plots of Fig. Ba-b, and we observe those regimes align with the parameter regimes that yield
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Figure 3: The effect of altering power stroke. Each data point was obtained by averaging
over 100 independent simulations of motor designs with different values of the attraction (es) and
repulsion (er) parameters defining the interaction between green ring and red barrier particles in
equation . All the other parameters are set to their default values as in Ref.5! (reference param-
eters correspond to “Motor II” in that study). Bias and current are computed from simulations
data according to equations and , respectively. As indicated in the plot legends, colored
lines connect motor designs with the same ea or er, with the unshared parameter being varied
along the horizontal axis thus tuning Keq. SI sections 2.1 and 2.2 provide a detailed explanation
of K¢q calculation and a full rationalization of the plots based on the model physical ingredients,
respectively. a, Motor’s directional bias (top) and current (bottom) obtained by varying e for
fixed values of eg. b, Motor’s directional bias (top) and current (bottom) obtained by varying eg
for fixed values of €.
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high-current motors.

To make this claim, we compute

current = M , (4)

tobs

where t,, is the observed simulation time. Fig. —b (bottom) shows that current versus K,
demonstrating the alignment—the values of K., that give high-current motors are precisely
the same values that give a monotonically increasing bias-K, relation. This alignment
suggests that, at least within this model, the functional (high-current) motors are also the
ones for which the power-stroke intuition could offer an engineering benefit. Within this
fast-motor regime, turning up the power stroke indeed turns up the bias. These observations
could provide an explanation for why power-stroke engineering can sometimes work even
though power strokes do not generically determine directionality. Given the starting point of
a functional motor, found by evolution or designed cleverly, our model suggests that regimes
might exist where the change in that motor’s bias may well be anticipated by adjusting the
power stroke. On a side note, the bottom plots in Fig. [Bh-b are consistent with experimental
observations that currents in enzyme catalysis are optimized when all the states in a catalytic
mechanism have more or less the same free energy (Ko, & 1).™* This is no surprise, as the
motor is ultimately a catalyst for FTC decomposition, and reiterates that our minimal model

well reproduces features observed in real chemical systems.

Metastability, coarse graining, and the quantification of power strokes

The power stroke idea centers around an identification of only two important conformations,
one visited before and one after a motor’s processive step. It was introduced to explain the
nonequilibrium dynamics in terms of K.q, which expresses how probability partitions between
those two states in a dynamic equilibrium (see Eq. ) The quantification of that K

involves some nuance because it presupposes that the two macrostates, corresponding, say, to
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distal and proximal conformations, can be cleanly defined. That definition involves averaging
over many microscopic states, each of which is classified as one of the two macrostates.
In general, it is challenging to precisely group many microstates into macrostates, but we
are focused on situations with extreme timescale separation—a ring metastably stays on a
binding site for long times before transiting to the other site relatively quickly. That timescale
separation makes classification more clear cut. Experimentally, the distal conformation may
contribute a particular NMR peak and the proximal another peak, such that K, is extracted

220402 T the simulations, we must introduce a grouping

as the ratio of peaks in equilibrium.
procedure for sorting microstates into the distal and proximal macrostates. While different
reasonable choices can subtly alter the quantification of K., our results are practically
insensitive to minor ambiguities defining the boundary of the macrostates. This insensitivity
emerges for two reasons: shifting all points in Fig. [3| left or right by small amounts does not
alter the essential shape of the curves, and besides, small variation in how K, is quantified
becomes undetectable when K4 is naturally viewed on a logarithmic scale.

While Eq. [2| defines K, in terms of equilibrium populations of the distal and proximal
macrostates, because equilibrium obeys detailed balance, K, can equivalently be cast as a
ratio of kinetic rate constants Keq = kcw/kcow. Because our simulations involve chemostats
which hold the system away from equilibrium, the latter formulation is particularly conve-
nient as those rate constants can be extracted directly from the nonequilibrium simulations.
In practice, as detailed in SI section 2.1, we extract the rate constants by counting how many
transitions per unit time are observed between the states shown in Fig. [2h.

As we have discussed, a shortcoming of the power stroke framing is that it focuses only
on two coarse-grained states. Our results confirm that the mechanism of the motor and its
directionality simply cannot be deduced from only those two states. Rather, the motor’s
mechanism is better reflected by coarse graining the kinetics into a more complete Markov

model that introduces more states to account for barrier addition and removal events. In SI

section 2.3, we discuss how a Markov model with only 16 states is sufficient to rationalize
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the changes to motor performance plotted in Fig. [3

Conclusion

We have provided a resolution to a molecular motor conundrum. On the one hand, power
strokes are observed in nature, have been used by many to explain directionality in molecular
motors, and provided practical intuition for engineering attempts. On the other hand, ki-
netic models clearly show that power strokes cannot determine directionality, and synthetic
motors lacking power strokes have been successfully designed. Kinetic models also show that
one should expect the motor’s directionality to be unaltered by changing the thermodynamic
stability of its conformations, overlooking power-stroke engineering. Our simulation-based
approach confirms that the power stroke mechanism cannot predict the directionality of a
catalysis-driven motor, which is, in fact, determined by structural and kinetic asymmetry
through an information ratchet mechanism. At the same time, our explicit model displays
regimes where changes to the motor’s bias correlate with changes to the power stroke mag-
nitude. It is, therefore, possible that similar correlations are present in biological motors
that have been optimized throughout evolution. This might justify the apparent effective-
ness of the power stroke intuition in its differential version, which is the basis of successful
engineering experiments on biological motors.

The work suggests that introducing power strokes in chemically-driven synthetic molec-
ular motors might increase or decrease their directional bias, thus providing a practical way
to alter kinetic asymmetry in Brownian information ratchets. This suggestion is somewhat
in contrast with the understanding provided by kinetic models,™ that accounts for a simi-
lar behaviour only in those light-driven motors implementing a power-stroke mechanism“#4>
or in energy ratchets.®*™ We come to a different conclusion because our simulation model
captures additional aspects of the physics which are hard to a priori build into kinetic mod-
els. We could extract a kinetic model from the simulations that captures those effects, but

this requires knowledge of how design modifications impact all the kinetic rate constants in
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the model. By mimicking experiments more directly, our simulation model naturally cap-
tures these side effects and could be used to assess the effect of those design modifications.
We conclude that experimental data aligning with power-stroke intuition are possible and
accounted for by the Brownian ratchet mechanism and the concept of kinetic asymmetry.
However, no general principles apply to power-stroke intuition in catalysis-driven systems
and predicting when and how introducing power strokes might help engineering motors re-
quires system-specific studies. Generalizing our molecular dynamics approach to explicitly
simulate far from equilibrium chemical systems, even beyond molecular motors, can be of

great help for the field, complementing kinetic models.
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