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Abstract: In single-molecule experiments, the dynamics of molecular motors are often observed
indirectly by measuring the trajectory of an attached bead in a motor-bead assay. In this work, we
propose a method to extract the step size and stalling force for a molecular motor without relying on
external control parameters. We discuss this method for a generic hybrid model that describes bead
and motor via continuous and discrete degrees of freedom, respectively. Our deductions are solely
based on the observation of waiting times and transition statistics of the observable bead trajectory.
Thus, the method is non-invasive, operationally accessible in experiments and can, in principle,
be applied to any model describing the dynamics of molecular motors. We briefly discuss the
relation of our results to recent advances in stochastic thermodynamics on inference from observable
transitions. Our results are confirmed by extensive numerical simulations for parameters values of

an experimentally realized F1-ATPase assay.

Keywords: molecular motors; motor-bead assays; stalling force; stochastic thermodynamics;
thermodynamic inference

1. Introduction

Molecular motor proteins convert chemical input energy into mechanical work and
are therefore a key constituent of living systems. As they operate far from equilibrium but
still at a well-defined temperature, their description within the framework of stochastic
thermodynamics is well founded [1-5]. In experiments, a direct observation of the dynamics
of a single motor is challenging due to its small size. One way to circumvent this problem
is by attaching a significantly larger bead to the motor. For the resulting motor-bead assay,
the motion of the motor can be reconstructed from the dynamics of the bead [6-10].

To describe motor—bead assays in and out of equilibrium, various qualitatively differ-
ent models have been proposed. Discrete Markov network models emphasize the changes
in the biochemical configuration of the motor protein [11-15], whereas continuous models
based on an overdamped Langevin equation focus on the observable diffusive dynamics
of the bead [16-19]. Hybrid models include the dynamics of both assay constituents by
coupling the discrete dynamics of the motor with the continuous dynamics of the bead via
an effective potential [20-27].

Despite the theoretical significance of the aforementioned model classes, their direct
applicability to experimental data is limited from an operational point of view. In reality,
the dynamics of motor-bead assays is only partially accessible, as only trajectories of the
bead are observed in experiments. Since the effective dynamics generating these bead
trajectories is non-Markovian due to the coupling, naive overdamped Langevin models or
Markov random walk models of the bead cannot reveal the underlying mechanisms of the
motor [28-31].

Constructing appropriate effective models for both motor and bead prove challenging,
because even if the model is constructed to mimic the effective bead dynamics correctly,
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characteristic properties of the motor remain inaccessible [31]. Beyond merely fitting the
dynamics, the concept of thermodynamic inference aims at deducing intrinsic properties of
a partially accessible system by combining the observable statistics with thermodynamic
consistency conditions [32-37]. Recent advances place emphasis on waiting time distri-
butions and inter-transition statistics [38—41], which, as discussed in Ref. [42], provide
a promising starting point for motor-bead assays, too. For example, an experimentally
observed broken time-reversal symmetry of transition waiting time distributions out of
equilibrium [43] can rule out low-dimensional models that are too limited to account for
the presence of hidden cycles [44].

In this work, we make use of waiting time distributions to infer characteristic, hidden
properties of the molecular motor of a motor-bead assay. We describe the assay with a
hybrid model, which couples the continuous movement of the bead with discrete steps of
the motor. Assuming that only the trajectory of the bead can be observed, we analyze how
identifying waiting times between particular transition events allows us to infer the step
size of the motor from the trajectory data of the bead. Knowing the step size, we further
demonstrate how the driving affinity of a full motor cycle can be identified, which also
provides a non-invasive method to recover the stalling force. We illustrate our findings
with simulations of the model for parameter values corresponding to the experimentally
realized F1-ATPase assay from Ref. [45]. To demonstrate the versatility of our method, we
also show its applicability to the model for parameter values that lead to strong fluctuations
in the bead trajectory, thus blurring any visible steps.

The paper is structured as follows. In Section 2, we introduce the hybrid model for
the motor-bead assay and make the necessary steps to introduce inference tools for the
bead trajectory data. This discussion also includes the coarse-graining procedure used to
identify transitions of the bead and the definition of appropriate waiting time distributions.
We apply the derived inference procedure in Section 3 to recover motor characteristics
from simulations of the hybrid model for the experimentally realized F1-ATPase assay.
In Section 4, we discuss the role of the waiting time distributions, with emphasis on
the relation to similar results for partially accessible Markov networks from stochastic
thermodynamics. We conclude in Section 5 by outlining future directions and perspectives.

2. Setup and Theory
2.1. Hybrid Motor—Bead Model

On a fundamental level of description, a motor-bead assay consists of a motor protein
linked to a bead via an effective potential. We start by introducing a minimal hybrid model
for the dynamics [21]. As sketched in Figure 1, at time f, the motor and bead position
are y(t) and x(t), respectively. The motor moves between discrete positions along a one-
dimensional track by making steps of size d from y; to y; 11 = y; & d. Setting kpT =1, we
associate each step with a chemical reaction with corresponding free-energy change Ay in
the solvent, e.g.,

Ap = parp — pADP — 1P 1)
for a motor driven by ATP hydrolysis. Furthermore, we assume a dilute solution, which

implies that the chemical potential j; of molecule i is determined by the corresponding
concentration ¢; [3].
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Figure 1. Illustration of the hybrid motor-bead model. The motor at position y(t) steps with step size
d along a one-dimensional track in forward or backward direction with corresponding transition rates
k+ (y, x). The bead at position x(t) is coupled to the motor via the potential V (i, x) and is subject to
an external force f.

This motor dynamics correspond to an asymmetric random walk in continuous time
between discrete states with transition rates k+. We model the coupling of strength «
between motor and bead by the effective harmonic potential

K

V(y,x) = S(y(t) —x(t))?, @

which is illustrated in Figure 1 by a spring whose rest length is formally equal to 0. Follow-
ing mass action law kinetics and Kramer’s theory [21,46], this coupling affects the transition
rates according to

ki(y,x) =woexp[Apu+ — V(y £dO4,x) + V(y, x)]. (3)

Here, Api+ corresponds to the chemical free energy change of a forward or backward
transition, wy is the motor specific attempt frequency, and ®, and ©_ are the motor
specific load sharing factors. As discussed in Ref. [21], x, wp, ©4, and ©_ can be deduced
for a given motor by a combination of theoretical considerations and fitting of the mean
local velocity.

In contrast with the motion of the motor, the bead moves continuously. Therefore,
we describe the corresponding dynamics using an appropriate overdamped Langevin
equation,

x(t) = (1/7)[-0xV(y,x) — fI +C(t), 4)

which includes the force generated by the motor via V(y, x) and an externally applied force
f. The effective friction coefficient v models the influence of the solvent and the size and
shape of the bead [3,21,47], whereas {(t) is the random force modeling thermal fluctuations
with ({(t)) = 0and ({(t1){(t2)) = (2/7)d(t1 — t2). The driving affinity of the full assay is
given by Ay — fd, which incorporates the motion of motor and bead.

2.2. Identifying Transitions via Milestoning

Suppose we record the exemplary bead trajectory x(t) of a motor-bead assay shown in
Figure 2a. After starting from x(0) = x¢, x(t) will eventually cover a distance Ax for the first
time, i.e., it crosses the point x1, which is either xy + Ax or xg — Ax. Note that for now, the
spacing Ax is an arbitrary parameter. Subsequently, x(t) will cover the distance Ax again
at a later point in time by crossing the point x, = x; + Ax or xp = x; — Ax. By repeating
this partition until reaching the endpoint of the trajectory, we obtain a coarse-grained
description in terms of crossing events x; that satisfies x; = x;_1 = Axforalli=1,..., M,
with xp = x(0). This procedure is illustrated in Figure 2b.

From the perspective of an external observer, a crossing event x; of the bead represents
a completed forward or backward transition of length +=Ax. Next, we refer to these
transitions of the bead via their sign, e.g., by denoting a single forward transition as + or
two subsequent backward transitions as ——. The alternative transition-based interpretation
of the coarse-grained bead trajectory in Figure 2b is illustrated in Figure 2c. If the chosen Ax
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is small, random fluctuations will dominate the statistics, which is evident from inspecting
Figure 2a,b.

Conceptually, the applied coarse-graining procedure is equivalent to the method of
milestoning [48-51]. Covering the distance =Ax corresponds to a crossing event, x;, which
can be interpreted as passing a milestone. After reaching this milestone, the coarse-grained
state of the system, i.e., the position of the bead, is updated. Thus, this type of event-based
coarse-graining retains precise information about the system at particular times solely
based on observable statistics, without introducing artificial descriptions as, for example,
effective compound states [52-56].

(a) (b) (c)

| ;qu\ 1AL (+)
AI, W i Ar T3 ) wf 37z (f>_ll

Ax Ax LA )
.1,7 X To vﬁh{‘!‘m ‘IM""“’:‘V‘I!VW ""W 2A7 1 H
Az Az 2
4 - 1Az
Ax Ax 0
g 1 0Az
t t

Figure 2. Illustration of the coarse-graining procedure for an exemplary bead trajectory. (a) Choice
of the reference spacing. Starting from an observed bead trajectory, we choose a value for Ax.
(b) Construction of the effective description. For the chosen Ax, we identify crossing events x; along
the trajectory. Starting from x;_1, a crossing event x; corresponds to positive or negative coverage of
Ax at a subsequent point later in time. (c) Alternative transition-based interpretation. By interpreting
positive coverage of Ax as a +-transition and negative coverage of Ax as a —-transition, transitions
can be identified for the observed bead trajectory.

2.3. Transition Statistics and Conditioned Counting

In the coarse-grained description, a trajectory is characterized by the sequence of
subsequent forward and backward transitions and their in-between waiting times. By
counting, we obtain the number of forward and backward transitions along the trajectory,
which we denote as 7}, and 1, respectively. Both quantities can be defined as

M
+
Npy = Z fsxm,xm,li-Axr (5)

m=1

for a trajectory consisting of M crossing events because each crossing event is either a
forward transition or a backward transition. For the trajectory shown in Figure 2¢, n}
equals four and 7, equals one.

If the observed bead trajectory describes a free Brownian particle in some potential
landscape, knowing its position determines the state of the system completely. However,
in the case of motor-bead assays, the bead is coupled with a hidden degree of freedom,
the motor, which introduces memory effects in the bead dynamics. We account for these
memory effects by collecting statistics for doublets of transitions. The corresponding
counting observables can be defined similar to Equation (5) via

M
++ —
nAx = (an’Irxm—l+Axéxm—1/xn172+Ax’ (6)
m=2

for the total number of doublets of subsequent forward transitions nX;“ , with n;;r , nXx_

and n, ~ defined accordingly. Neglecting the first transition, we have
Moy = Mpx Ty @)
Moy = Moy T 1Ax ®)
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since any transition is preceded by a previous forward or backward transition For the
trajectory shown in Figure 2¢, n}." equals three, n{ ~ equals one and 1, and 1, are both
equal to zero.

To extract transition statistics of observed bead trajectories, we introduce conditioned
transition probabilities based on the defined counting observables. The probability of a
£-transition following a transition of the same type is given by

X+
X

QX 9

p(+|+) = W pn T 9
nAx

=)= A 10

S TR i

We emphasize that conditioning on the previous transition contains additional infor-
mation only because the observed effective dynamics are non-Markovian. For the same
reason, resolving the waiting times between individual transitions includes additional infor-
mation. We include this information in our statistics as waiting time distributions 4%, , (t),
which form the time-resolved analogues of the corresponding transition probabilities in
Equations (9) and (10), leading to

P L (1) = Altiglo(l/At)P(me —xm = £Ax;t < Ty — Ton < £+ At|xy — xp-1 = £Ax), (11)

where T; is the time of the i-th crossing event x;. In other words, Equation (11) is the
probability density that the crossing event x,,,1 corresponds to a *-transition and is
measured at time Tj, 41 = T}, + t given that the previous crossing event x;, corresponds to
a *-transition and was measured at time T,,. To evaluate statistical data, we use a finite At
to obtain a histogram of the continuous waiting time distribution.

As inference quantities, we consider ratios of waiting time distributions of the form

e )
apc(t) =In lpr (t)/ (12)

which allow us to highlight differences between ¢4*,, (t) and $2*,_(t). In a similar
fashion, we define the time-independent analog of a,(t) as

p(+|+)
p(=1-)

with p(+|+) and p(—|—) defined in Equation (9) and Equation (10), respectively.
Equations (12) and (13) define the crucial quantities of this work, which remain with-
out justification for now. Their power as a tool for inference and their thermodynamic
interpretation will be discussed in the next two chapters.

Ay = In (13)

3. Application to F1-ATPase
3.1. Simulation Method and Model Parameters

To study the operational value of the deduced inference quantities, we numerically
generate bead trajectories for the hybrid model with parameters from Ref. [21] corre-
sponding to the experimentally realized F1-ATPase assays from Ref. [45]. We simulate
the dynamics with a Gillespie simulation of the discretized equivalent Fokker—Planck
equation [3,21,57].

A generated trajectory consists of bead positions and the accompanying time instants.
For a sufficient length, counting transitions for a given value of Ax results in the corre-
sponding transition probabilities, and therefore in a,. For ax,(t), we numerically calculate
histograms for the waiting times of the counted transitions. To increase the precision of
these histograms, we choose variable bin sizes with a fixed number of samples per bin.
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Clearly, for larger values of Ax and high driving affinities, longer trajectories are needed to
deduce meaningful transition statistics.

Note that describing the F1-ATPase assay with a hybrid model on a one-dimensional
line requires mapping a rotational step of 120° to a motor step of length d. The hybrid
model does not include the intermediate step of F1-ATPase reported in [58-60]. However,
due to the large size of the beads used in experiments, this intermediate step is not resolved
on the level of single trajectories for our choice of parameters [21]. Thus, 7 sets the noise
strength and overall time scale of the bead dynamics. Consequently, ax, and ax,(t) depend
on 7 only marginally. Therefore, we fix the value of 7 to y = 0.5s d~2 for all simulations.
For the chosen set of parameter values, time is measured in seconds. Furthermore, the
values of the intrinsic motor quantities ® 1, ©®_ and wy are fixed as the values deduced in
Ref. [21],ie, ®; = 0.1, ®_ = 0.9 and wy = 3 x 10’ M~ s~ 1.

For «, the coupling strength of the F1-ATPase assay, we distinguish two different
regimes. In the experimentally realized coupling regime, which we denote as a strong
coupling regime, single motor steps are resolved on the bead trajectory level. In the low
coupling regime, an identification of single motor steps along the bead trajectory is not
possible. Typical bead trajectories for the strong coupling regime and the low coupling
regime are shown in Figure 3a and Figure 4a, respectively. Crucially, we will demonstrate
that the operational value of the deduced inference quantities is independent of the coupling
regime. In the following two sections, we discuss this operational value for both coupling
regimes before rationalizing it in the context of known theoretical results in Section 4.

(a) o (b)
607 44 :
i
451 25: Al‘Si pavy . LA . Ap
= 9.5 1.5 3&1 5] o Arjd=02 7 e o Acjd=07
5 301 < = Az/d=03 4 1.4 = Az/d=08
S T e Azfd=04 5 Az/d =09
151 0.61 s Awfd=05 . L Arjd=10
L ol . Az/d=0.6 Az/d=1.1
0 " " " " 0 - 0.8
0 20.0 40.0 60.0 80.0 100.0 0 1.0 2.0 3.0 4.0 0 1.6 3.2 4.8 6.4
t t t
(d) Lox107t  (e) 54 (f)
351 o fd=00 s fid=20 — hd=00 | __ x10 3 — fd=00 — fid=20
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Figure 3. Inference of motor characteristics in the strong coupling regime (x = 40d 2, Ay = 1.63).
(a) Exemplary bead trajectory for fd = 0.0. For the chosen coupling strength, single motor steps
can be identified along the trajectory. (b,c) aa,(t) as a function of f for different Ax/d for fd = 0.0.
(d) apx(t) as a function of t at Ax/d = 1.0 for different f. (e) Variance of a,(t) as a function of Ax/d
for different f. (f) ap, as a function of Ax/d for different f. For (d—f), the applied force f3 is the
stalling force of the motor. In (e,f), the black dash-dotted line corresponds to Ax/d = 1.0.



Int. . Mol. Sci. 2023, 24, 7610 7 of 13

- (a) (b) 20 ()
35 1.2
2101 3] A
el __0.9] o T “
= 0] 95 10.5 t; i Q o Arjd=02 T T T B
) 4067 Ax/d=0.3 \ = Az/d=038
S \ _ o Azjd=04 Az/d =09
70 03N, ’ Az/d=05 Az/d=10
' Axfd =06 Awfd =11
: . 0 " " " 0.8 " " "
0 20.0 40.0 60.0 80.0 100.0 0 02 04 06 08 0 02 04 06 08
t t t
() 4ox107 (e) y (£)
0 . 9. 7
3.51 . f1d =0.0 s fid=20 — fd=00 | X107 — — [d=00 — fid=20
fod = 1.0 fsd =25 281 — fd=10 1 | — fd=10 frd =25
2.4 = 6.07 \ it 3.5
— o fad=Ap = fod =gty — fd=An
3:—: 13 5 2.1 fid =20 ;8 i 5
[ S] fsd =25 0.9 1.0 1.1 1.6
@Z 09 v 14 S] //
mmatma—————soars e 3 = e = 03 S ———
-0.9 0.7
=== Apu-fid g [ T Ap— f; ,d
R 0+ T —————— 29 — .
2'00 03 06 09 12 15 0.6 0.8 1.0 1.2 1.4 0.2 0.7 1.2 1.7 2.2
t Az/d Az/d

Figure 4. Inference of motor characteristics in the regime of weak coupling (x = 15472, Ap = 1.63).
(a) Exemplary bead trajectory for fd = 0.0. For the chosen coupling strength, an identification of
single motor steps along the trajectory is not possible. (b,c) aa,(f) as a function of ¢ for different
Ax/d for fd = 0.0. (d) ap,(t) as a function of t at Ax/d = 1.0 for different f. (e) Variance of a(f)
as a function of Ax/d for different f. (f) ap, as a function of Ax/d for different f. For (d—f), the
applied force f3 is the stalling force of the motor. In (e,f), the black dash-dotted line corresponds to
Ax/d =1.0.

3.2. Strong Coupling Regime

For strong motor-bead coupling, observable bead transitions are, as illustrated in
Figure 3a), closely related to the corresponding motor steps. If the chosen Ax-spacing
matches the step size of the motor, i.e., Ax = d, ap,(t) is constant in time and equal to the
driving affinity of the system. In contrast, if we choose Ax-spacings that do not match
the step size of the motor, i.e., Ax # d, aa,(t) is time dependent with varying shape for
different Ax. This observation is illustrated in Figure 3b—d.

The difference between a constant and non-constant a,(t) can be quantified by
calculating the variance of the histogram data that were used to calculate this ratio. As
illustrated in Figure 3e, the correct step size Ax = d is the one for which Var ax,(t) is
minimized. This criterion holds for all chosen f except for the stalling force, i.e., fd = Ap.
At stalling, ap,(t) ~ 0 for all Ax, which implies that the variance changes only marginally.

As illustrated in Figure 3f for different f, the driving affinity of the system is equiva-
lently encoded in aa, for Ax = d or any integer multiple, i.e.,

ane = (b~ fa) 5. ()

This observation implies that the stalling force fg,;; can directly be recovered from
apy—q for a single value of f. Since ap, = 0 holds at stalling for all Ax, we find, using
Ap = fstand,

Arv=d = (fstan — f)d (15)

for the ap,—4 value of a given f.

3.3. Weak Coupling Regime

If motor and bead are weakly coupled, the step size of the motor is, as illustrated in
Figure 4a, not evident from the observation of the bead trajectory. Remarkably, for Ax = d,
apx(f) is nevertheless constant in time and equal to the driving affinity of the system.
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Furthermore, as in the strong coupling regime, for Ax # d, ax,(t) is time dependent with
varying shape. This observation is illustrated in Figure 4b—d.

Similarly to the strong coupling regime, the minimum of Var a,,(f) is reached at
Ax = d which yields a quantitative criterion for identifying constant ax,(t). As illustrated
in Figure 4e, this criterion again holds for all chosen f except for the stalling force. Addition-
ally, Equation (14) remains valid in the weak coupling regime, i.e., ap, equals the driving
affinity of the system for Ax = d or any integer multiple. This observation is illustrated in
Figure 4f for different f. Again, Equation (15) holds, which implies that the stalling force
can be recovered from a,,_4 for a single f.

4. Discussion
4.1. Relation to Established Inference Tools

The logarithmic ratios of waiting time distributions and transition probabilities, i.e,
apx(t) as defined by Equation (12) and a,, defined by Equation (13), are antisymmet-
ric under time reversal. Furthermore, these observables show conceptual similarities to
transition paths [30,31,44,51,61] and observed transitions in partially accessible Markov
networks [39,40], which implies that they are suited to detect irreversibility. More precisely,
for partially accessible Markov networks, it was shown in Ref. [39] using cycle-based fluc-
tuation theorem arguments that the logarithmic ratio of conditioned transition probabilities

p(+[+)
p(——-)’

which corresponds to aa, in our framework, encodes information about thermodynamic
properties and topological characteristics of the full Markov network. For example, if
this network contains a single cycle, in which the forward and backward direction of
a particular transition are registered as “+" and “—", respectively, a coincides with the
driving affinity of the cycle. This result holds, in principle, for transitions between (y, x)
and (y +d, x = d) in the hybrid model as well, because the joint dynamics of (y(t), x(t))
are Markovian. Furthermore, translational invariance ensures that (v, x) and (y £ d, x £ d)
can indeed be treated as the same state, which implies that the hybrid model is de facto
unicyclic. Therefore, ap, recovers for Ax = d the driving affinity of the motor in both
coupling regimes.

However, in practice, our observation only registers bead transitions between x and
x = d without knowledge of the motor position y, which at first sight does not allow for a
Markovian description. Nevertheless, we can utilize waiting time distributions to quantify
the “non-Markovianity” of the observed dynamics. In particular, the time-dependent
counterpart of Equation (16),

a=1In

(16)

a(t) =1In M, (17)
v ()

which corresponds to ap,(t) in our framework, remains constant in one-dimensional
Langevin dynamics [38] and unicyclic Markov networks [39], even out of equilibrium.
In a fairly general setup, a violation of this symmetry property for transitions is either a
consequence of the non-Markovian character of the dynamics or hints at the presence of
hidden cycles [31,41,42]. Operationally, for the hybrid model, the preceding theoretical
discussion yields a criterion for the applicability of a Markovian approximation. Notably,
this approach is fundamentally different from comparing and fitting observed waiting
time distributions to the characteristic exponential distributions for discrete Markov states,
which is not applicable to transitions in a continuous framework.

4.2. The Crucial Role of Waiting Time Distributions

For a one-dimensional Markovian random walk on a discrete lattice with step size
Ax, the actual motor dynamics without an attached bead, we have a,(t) = const. for any
choice of parameters. Deviations from this random walk remain small as long as the discrete
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description of the bead position x(t) essentially captures the dynamics of (y(t), x(t)), i.e.,
the dynamics of both motor and bead. This condition holds if p(y(t) — x(t)|x(t)), the
uncertainty in y(t) — x(t) given the bead position x(t), remains sharply peaked around
0. Stated differently, for the correct step size, the Markovian random walk preserves
essential features of the dynamics, as forward or backward steps of the motor match the
corresponding observable transitions of the bead. Clearly, in the strong coupling regime,
the bead dynamics fulfil this requirement. Notably, in the weak coupling regime, this
requirement is analogously fulfilled, although bead dynamics and motor movement are
apparently uncorrelated.

The situation is different for Ax-spacings that differ from the correct step size of the
motor. Due to the discrepancy between the length d of the motor steps and the chosen
length Ax for the detected transitions, there is generally no correspondence between these,
even if the bead follows the motor closely. Thus, the behavior of a,(t) for small and large ¢
differs, which generally leads to qualitatively different and more complex shapes of ax,(f),
and hence to a higher value of Var a,,(t) compared to the variance of a constant ax ().

Thus, for an observed bead trajectory, evaluating the time dependence of ax,(t) for dif-
ferent values of Ax allows us to find the values of Ax for which a Markovian approximation
can be applied and therefore, the inference results for partially accessible Markov networks
or, more generally, waiting time distributions between particular observed events hold.
Combined with minimizing Var ax, (t), this approach recovers the step size d of the motor.
In a second step, the driving affinity can be inferred from a,, at Ax = d. Additionally, as
proven in Ref. [39], ap, recovers the stalling force. The operational details and the single
steps of the suggested inference procedure are summarized in Figure 5.

&

Global Min.?

Figure 5. Illustration of the introduced inference procedure. Starting from an observed bead trajectory
x(t), we calculate ax,(t) for different Ax. Around values of Ax with approximately constant a(t),
we identify the minimal value of the variance of ax(t). The resulting Ax corresponds to the motor
step width d. For Ax = d, the non-time-resolved a,, is equal to Ay — fd, which yields fg.

We point out that this inference procedure is fundamentally different to prescribing
a Markov model directly. While a Markov model, if applicable, allows extraction of the
driving affinity, our approach includes a criterion of whether the Markov approximation
is viable or not. Furthermore, a Markov model has to include assumptions about motor
characteristic, for example, the correct step size Ax = d of the bead. Crucially, within
our non-invasive approach, the step size is not required as an input for, but can rather be
inferred from the observation of bead trajectories alone.
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4.3. Alternative Observables

The detection of incorrect Ax-spacing can utilize additional information in a similar
fashion to waiting times. For example, we can consider the unconditioned logarithmic ratio

A POH) M 18
P M 19

and its time-dependent counterpart

~ (i’) —In lpﬁx—H»(t) + lpéng(t)
YhE, (1) + A, (1)

as an alternative to Equation (13) and Equation (12), respectively. For Ax = d, we expect
dy(t) = const. = a,(t), since the dynamics are essentially a Markov random walk and there-
fore memoryless, i.e., independent of conditioning on past events. Turning the argument
around, if a ratio of waiting time distributions such as @, is sensitive to selecting particular
times, conditions, etc., this hints at hidden memory effects such as, e.g., discrepancies
between the positions of motor and bead for the hybrid model. For example, ap, # i, for
a particular value of Ax is in evidence against Ax as the correct step size, and therefore an
evidence against the applicability of a Markovian approximation for this value of Ax.

(19)

5. Conclusions

In this paper, we have translated principles of thermodynamic inference based on
observable transitions to a generic hybrid model for motor-bead assays. Based on a
coarse-grained description of observable bead dynamics focusing on transitions, we have
introduced a procedure for inferring the exact step width and the total driving affinity, i.e.,
the stalling force, of the non-observable motor. To illustrate its operational significance, we
have inferred the aforementioned motor characteristics from simulated bead trajectories
of the model for parameters that describe an experimentally realized F1-ATPase assay in
different coupling regimes.

Generalizing the minimal hybrid model in the spirit of Ref. [22] can provide a starting
point for subsequent studies. As shown, such a generalization reproduces the correct
dynamical behavior for elementary molecular motors such as the F1-ATPase and more
complicated motor proteins with internal cycles. In fact, in several biological and synthetic
motors with a more complicated mechanochemical structure, for example kinesin-1, such
internal cycles are possible, e.g., in the form of idle cycles, which lead to additional dissipa-
tion but remain unobserved in mechanical steps [9]. Hence, a complete motor-bead assay
model must then include internal cycles within the motor, which results in multicyclic
internal motor dynamics. From a technical point of view, considering these more general
hybrid models would allow one to incorporate more advanced inference results for partially
accessible multicyclic Markov networks into the inference procedure. In such a modified
procedure, we might be able to infer further motor characteristics. For example, taking the
short time limit yields topological information about short cycles and the driving affinity of
the shortest cycle [39]. From a conceptual point of view, this kind of additional information
could potentially even aid in unraveling the mechanochemical structure of more complex
motor proteins.

A different direction of future research can be pursued by applying the inference
scheme to different molecular motor models, in particular ratchet models [15,16,18]. Despite
the fundamental difference in hybrid models on a conceptual level, ratchet models produce
superficially similar bead trajectories. On the one hand, the underlying descriptions could
become distinguishable in the waiting time statistics of appropriate transition events. On
the other hand, a successful application of the methods here to ratchet models would
establish a tool for inference beyond a particular model class.
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Similarly, future work could aim at applying the inference methods to compare pre-
dictions of particular models with experimental data. As long as the statistics extracted
from experiments suffice to extract single transitions or even waiting time distributions,
predictions of particular models can be falsified from non-invasive measurements alone.
Thus, our operationally accessible results offer a novel approach to study the range of
applicability of motor-bead assay models with varying degrees of sophistication, from
discrete Markov random walks to models that contain motor states and continuous degrees
of freedom.
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