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Abstract

This thesis is dedicated to the theoretical studies on molecular motors, which are fascinating
well-designed protein nanomachines that work in various biological systems. Recent progresses
in experimental techniques have led to the measurement of precise physical properties of molec-
ular motors, such as the heat dissipation of rotary motors and the cooperative dynamics of linear
cytoplasmic motors. In parallel, there has been considerable advance in the understanding of
stochastic thermodynamics, where the behavior of thermodynamic machines in the fluctuating
world is the main target of study. In light of these developments, both in experiments and the-
ory, we are now in position to elucidate the fundamental design principles hidden behind the
molecular motors.

Two phenomenological models are discussed in this thesis. First is the modelAdPBRse
(or Fy), which is a rotary motor with outstanding properties in its thermodynafficency. We
focus on the recent experimental result on the heat dissipative featugewhieh showed that
the dissipation inside the motor is close to zero, irrespective of the velocity of rotation. We arrive
at a model with totally asymmetric rules in the rotational angular dependence on the chemical
reaction, and find significant consistency with this model to other experimental data such as the
characteristic torque-velocity curve of Frhrough the model, we give predictions on the physics
of the reverse rotation of;Fwhere ATP synthetic reactions occur.

Secondly, we consider a model for cytoplasmic molecular motors, which are proteins that
transport cargoes along pseudo-one-dimensional rails called cytoskeletons. Experiments have
clarified the large dependence of the transport velocity on the number of tied molecular motors
such as myosins and dyneins. In our model, we take into account the typical two states of molecu-
lar motor heads, the highlyfliusive state and the strongly bound state, and consider the stochastic
switching between them through a force-sensor controlled rule. The scheme aliiwss/diand
bidirectional elements to produce unidirectional transport through collective interaction. We an-
alyze how the sensitivity of the force-sensdieats the cooperativity of the motors, defined by
the ratio between the value of velocity with two molecules and infinitely many molecules. We
discuss on the possibility to classify the various cytoplasmic motors through the phase diagram
obtained in our simple model.
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Chapter 1

General introduction

1.1 Molecular motors and thermodynamics

No matter how special we feel about ourselves as living beings, or fascinating other creatures
make us aware of the depth of mother nature, we cannot deny, at this stage of science, that living
systems are composed of purely physical matter. It is therefore so natural to study the physical
property of biological systems, just like how we investigated the night sky so well to know the
age of the universe, or dug deep into the microscopic high-energy region so much to fulfill the
dream of atomism.

Among many of the interesting progresses in the quantitative understanding of biophysics,
studies on molecular motors have a special position characterized by the highly quantitative re-
sults provided by the fascinating and truly innovative experiments. The relatively simple goal
in the field of single molecule biology was to take the spatio-temporal resolution of the micro-
scopes to its limits: to the level where nanometer steps are distinguishable in the timescale of
sub-milliseconds.

What is truly fascinating about researches on molecular motors is not only that profound new
techniques were required in these experiments, but also the fact that such pure engines that are
so small can actually exist, and can function as thermodynamic machines to some extent in our
understanding. Thus the conceptual interest arises: comparing such small stochastic systems
with macroscopic thermodynamic systems will inevitably reveal the the basic features of bio-
molecules.

The experimental studies on bio-molecular motors have thus brought new questions to the
field of statistical physics [1, 2, 3]. Since the leading actors that drive transport in the scale
of bio-molecules are thermalfilision and stochastic chemical reactions, it is expected that the
thermodynamical properties underlying in such systerfisrdirom that in macroscopic motors.

For example, how the second law of thermodynamics is obeyed in such fluctuating world
has caught much attention over the past twenty years. It has been discussed [4, 5] that the ir-
reversible entropy production is itself a stochastic quantity which may turn negative in single
outcomes, although in the ensemble average the macroscopic law of inequality recovers. Further
studies have shown that appropriate feedback protocols indeed allow small systems to utilize the

3



4 CHAPTER 1. GENERAL INTRODUCTION

thermal fluctuation [6], while paying the cost in a macroscopic external system [7] or through
other small systems dynamics [8]. Historically, one of the most important literature in the con-
text of Maxwell's demon [9] was in fact written with a large motivation toward understanding
the specialty of living systems; can we define intelligence through thermodynamic inequalities?
The field of stochastic thermodynamics has thus reached the point where abstract theories are
answering practical and long standing questions in statistical physics.

Given the progress in the theoretical understanding of stochastic thermodynamics, we now
desire to come back to the study on molecular motors; interest is on how real bio-molecules are
actually benefiting or stering from the large stochasticity [10]. Modern experimental and the-
oretical studies have so far unveiled the interesting features of bio-micromachines, for example
the ratchet mechanism [11] including the potential switching scheme [12], large collective be-
havior [13, 14], and seemingly highlfeiency in terms of thermodynamic properties [15, 16].
These phenomenological studies are aimed at elucidating the fundamental and possibly universal
properties of molecular motors; seeminglyteient and complicated structures of motor protein
families may well be understood through simple models that focus on specific aspects of the
motors.

In this thesis, we present the current understanding on molecular motors, with focus on the
thermodynamic and cooperative features. Through the phenomenological models inspired by
specific experimental data, we aim to describe the possible design principles hidden in molecular
motors in a quantitative manner. The aim of this thesis is to demonstrate how our understanding
of molecular motors have reached to the stage where the quantitative understandings are now
allowing us to imagine and discuss the fundamental physics governing in the world of nanoma-
chines.

1.2 Organization of the thesis

In the following, we shall start by describing the basis of stochastic thermodynamics. Most
part of Chapter 2 is meant to play the role as a theoretical minimum required to understand the
modeling of molecular motors and their interpretations. The principle aim here is to introduce
heat in terms of the stochastic Markov dynamics, and to describe in what ways it can be indirectly
measured and how those measured quantities are related to the thermodynamic laws. The other
parts are aimed at describing the fundamental questions in statistical physics that are related to
the experimental measurements of thermodynamic quantities in small thermodynamic systems.

Based on these introductory parts, we consider the theoretical model for the rotary motor
Fi-ATPase (or k) in Chapter 3, as the first main topic in this thesis.ig~one of the most well
studied molecular machines due to its obviously important role in the thermodynamics of cellular
processes; it is responsible for generating over 90% of the ATP consumed in the eukaryotic cells.
F1 has the remarkable feature that the rotary angle oy thleaft is a single variable that almost
dominates the full chemical reaction of of ATP synthesis and hydrolysis. Raceitito exper-
iments for k in the ATP hydrolytic regime (i.e., the;fmotor) have found that the dissipation
inside the motor is close to zero, irrespective of the velocity of rotation. Using the framework of
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stochastic thermodynamics, we arrive at the conclusion that these experimental results should be
explained by an asymmetric design principle in the angular dependent chemical reaction rates.
We present and discuss the significant consistency of our model to other experimental data in-
cluding the torque response of F

In Chapter 4, we move our focus to linear motors, which are molecular motors that function
typically in cytoplasms in order to transport the cargos on rails such as cytoskeletons. Motivated
by the recent systematic experiments that quantified the extent of cooperativity in molecular
motors, we consider a simple model which allows bidirectional elements to produce unidirec-
tional motion though collective interactions. The attempt here is to unite the previously proposed
different perspectives in independent motor protein experiments, and to give a conceptual under-
standing on the origin of cooperativity in linear motors.

Introduction to the specific molecular motors of interest are given in detail in the correspond-
ing chapters; in both presented models, we aim to clarify the relation of our phenomenology to
past and future experiments. In the final concluding remarks chapter, we aim to position our
thesis in the general prospective of biological physics.






Chapter 2

Stochastic thermodynamics
-Phenomenological description of molecular motors-

Here we review on the basic concepts of stochastic thermodynamics, which is a theoretical
framework that links general stochastic phenomena to thermodynamics. We first explain the
physical background of Markov processes, including the overdamped Langevin equation and
jump processes concerning chemical reactions. We then introduce the energetics of Brownian
motion, and note on the general principles of thermodynamics in Markov processes. Based on
these setups, we describe the motion of molecular motors by the combination of Brownian motion
and chemical reaction-induced switching. We note on various theoretical tools that are useful
in quantifying the heat dissipation and elucidating the model parameters in such systems, with
special focus on the fluctuation response relation studied in nonequilibrium systems. Remarks on
the treatment of stochasticftéirential equations is also given.
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2.1 Mesoscopic description and stochastic dynamics

2.1.1 Brownian motion: overdamped Langevin system

Consider a bead (submicron particle) suspended in water with uniform room temperature.
The motion of such particle is known to be well described by the Brownian motion, which is
written as a stochasticftierential equation:

X = V2DE(t). (2-1-1)

Here,X = (X1, X2, X3) IS the position of the particle in three dimensions, = represents the time-
derivative,D is the difusion codficient, and(t) = (£1(t), &(t), £5(t)) is the Gaussian white noise
vector with unit variance:

E@Eit)) = aijot - t). (2-1-2)

We used-) to describe the ensemble averadg.(i, j = 1,2, 3) andd(-) are Kronecker's delta
and Dirac’s delta function, respectively. It is known that the valub obeys the Stokes-Einstein
law:!

ke T _ keT

D=—=—. 2-1-
r 6rna (2-1-3)

We introduced the viscous friction cigientT’, the Boltzmann constakg (= 1.38x10°2°m?kg - s2K 1),
the temperatur@ (=~ 300K) and the viscosity (= 0.890mPasec for 298K water) of the sub-
stance. The relation = 67nja is derived for the case of a spherical particléth the diameter of

the suspended particte

Equation (2-1-1) is an example of Markov process [18]. Markov process is a special type
of stochastic process where the probability in the future does not depend on the past dynamics
(see definition in Sect. 2.3). Now, if we interpret Eqg. (2-1-1) as the equation of motion, what
is nontrivial is that such closed and memory-independent equation of motion well describes the
dynamics of the position variable of the bea&d,

In a closed system which includes all the water molecules and a single bead, it is expected that
there is a deterministic equation of motfamhich takes into account all the degrees of freedom
including the position and velocity of water molecules. Therefore, even if we focus on the motion
of the single bead, the dynamics should depend on the combination of all the forcefeabtat a
the bead, which is the interaction with the huge number of water molecules.

In short, the reason for the closed form of Eq. (2-1-1) is that the other degrees of freedom in
the total equation of motion are very fast compared to the observation time-scale of our interest.
This assumption allows the detail of the degrees of freedom of the water molecules to be packed

1Sincen, a, T, andD can be obtained independently in experiments, Eq. (2-1-3) can be used to meddifie

2A useful formula to remember B =0.25(diameter of particle imm) [um?/sec].

3We only consider classical systems in this thesis. Therefore, the origin of fluctuation is all assumed as thermal,
and not quantum.
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into a system we call the thermal reservoir, and its interaction with the bead tfidotively
included in the equation of motion through the thermal force. Such elimination of variables from
the original equation of motion to obtain phenomenological descriptions, is referred to as the
reduction of dynamics [19].

Although there is no mathematically rigorous way to derive Eq. (2-1-1) from the full classi-
cal equation of motich there are several cases where the singular perturbation method allows
explicit understanding of the phenomenological descriptions, with the separation of time-scale
playing a role as the small parameter. In fact, there exists an intermediate layer of description in
the case of Brownian motion:

K=V, MV=-TV+ 2TksTE(t). (2-1-4)

Here we have introduced the velocity of parti®l@n additional variable, and the mass of the
particle M. Equation (2-1-4) is called the underdamped Langevin equation, whereas Eq. (2-
1-1) is called the overdamped Langevin equation. Equation (2-1-4) has a clear interpretation
as an equation of motion; the right hand side of the second equation corresponds to the force
that the bead feels. The origin of such force is obviously the interaction with the surrounding
molecules, therefore itis called the thermal force. Note that the thermal force already includes the
phenomenological description usifigand the fluctuation term with simple statistical property,
&(t). The reduction of dynamics from Eq. (2-1-4) to Eq. (2-1-1) is justified when the fastest time-
scale in the motion ok (typically the frame rate of camera used to observe the position of the
particle), is much larger thaMl/I", which is the time-scale for the velocity of the particle to relax

to equilibrium.

In practical regimes of the bio-molecular experiments, we need not to be concerned with
the underdamped description, Eq. (2-2-4)This is because the protein molecules including
molecular motors, and even the utilized probe particles that are typically much larger than the
bio-molecules, have small mass relative to the accessible timesstale

2.1.2 Chemical reactions

Another key ingredient in the dynamics of bio-molecules is the stochastic chemical reaction.
In terms of chemical potential, the cell is in a largely nonequilibrium situation: ions such as
Na", K* and C&* are abundant and highly nonuniform among théedént compartments made
with lipid membranes. Such nonequilibrium situation plays important roles in the macroscopic
character of cells such as in the formation of action potentials and determining the direction of
motility.

4The Mori projection operator scheme [20, 21] gives phenomenological understandings to this problem. The
Zwanzig model [22] describes a concrete example of the underdamped Langevin equation obtained from the the
Newtonian dynamics of a particle interacting with many small particles. In both cases, however, the Markov ap-
proximation plays a key role in deriving the white Gaussian noise. There are other cases like the billiard model [23]
which are rigorous in the context of dynamical systems, but do not correspond exactly to the physical situation we
have in mind.

51t was only recently that experiment first captured the dynamics of the underdamped varjable,
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The chemically nonequilibrium situation is cascaded into various forms of nonequilibrium,
for instance through active pumping of ions, motions of molecular motors, and cell proliferation.
The origin of all such free energy transduction is the metabolic system, where the free energy of
the external source is packed into the forms of high energy molecules such as adenosine triphos-
phates (or ATP).

The high free energy-involving reaction of ATP hydrolysis reads

ATP + H,O = ADP + Pi. (2-1-5)

Here we also wrote the reverse reaction, where ADP (adenosine diphosphate) and Pi (phosphoric
acid) bonds to form ATP. The reaction from left to right is referred to as the hydrolysis reaction,
where as the opposite is called the synthetic reaction. It is known that the reaction (2-1-5) is
largely biased to the right; in the usual situation, the ATP is unstable and prefers to be hydrolyzed.
The extent of the bias is quantified by the free enerdgfeténce accompanying the hydrolysis
reaction:

[ATP][H 0]
[ADP][Pi]

The second term in the right hand side of Eq. (2-1-6) is the concentration dependéntiieich

is derived for the case of low concentration of ATP, ADP, and Pi in the solution,6f. Hhe
value of the standard free energyo ~ 11 kgT, varies in literature, although the error is around
1ksT.”

It is critical that the large free energy accompanying the hydrolysis reaction (2-1-5) is timely
released and coupled to useful motion or pumping in the physiological context. To this end, the
natural hydrolysis rate needs to befstiently low compared with the time scale of biochemical
reactions. Indeed, the nonenzymatic reaction for (2-1-5) has a time scalel6f sec [25].
Therefore, it is safe to assume that the concentrations in Eq. (2-1-6) are kept constant during
single molecular-level experiment; the bulk concentration does not change so much over the time
scale of experiment.

The remarkable fact in biological systems is that the hydrolysis rate jumps to a much higher
value in the presence of catalytic enzymes or motor proteins. Under this situation, it makes sense
to ask what statistical laws rule the reaction of (2-1-5). We expect that the hydrolysis reaction
rate, which we denote d&8* and the synthetic reaction rate, denotedRasshould satisfy the
condition

Au = Aug + KgT log (2-1-6)

R*
= exp[m] . (2-1-7)

In fact, such relation should hold irrespective of the existence of enzyme; if the vaRieo¥ery
low in a certain pathway of reaction, the valueRxfcorresponding to the reverse of this pathway

This term is sometimes written & T log([ATP]/[ADP][Pi]), which means that [ATP], [ADP], and [Pi] are
treated as non-dimensional quantities, [AEMarp/Nn,0 etc., withN representing the number of molecules of the
substance.

"The value is obtained for the case of 1 mM exces$MB5° C, and pH 6.5. See for instance, the supplementary
material for [16].




2.2. STOCHASTIC ENERGETICS: DEFINING HEAT IN BROWNIAN MOTION 11

should also be very low. We cannot, however, compare two reactionsfefetit pathways, for
instance one escorted by an enzyme and its reverse reaction without the enzyme.

The natural assumption behind Eqg. (2-1-7) is that the process of stochastic reactions are writ-
ten as a Markov jump dynamics, which is again a stochastic and memory-independent process.
The reason for this assumption can be understood in the same way as the Brownian motion de-
scription; the water surrounding the ATP, ADP, and Pi is so abundant and fast that it acts as
a thermal reservoir, and the detailed dynamics of thenffextvely included in the statistical
properties oR* andR".

One way to look at Eq. (2-1-7) is that the distribution of the state of the water molecules
including ATP, ADP, and Pi, is given by the grand canonical ensemble. In this picture, we assume
a subsystem being attached to an external reservoir with fixed temperatur and concentration of
ATP, ADP, and Pi (that determinesu), which is essentially satisfied in our setup of interest
since the time scale of natural reaction is so slow compared with the enzymatic reaction. Then,
Eqg. (2-1-7) corresponds to the detailed balance between two states, where thdnmmalecules
of ATP andM - 1 molecules of ATP in the subsystem, for instance. Thus, the nonequilibrium
large bias characterized by Eq. (2-1-7) when focusing on a single molecule dynamics, is nothing
but the equilibrium dynamics from the point of view of the subsystem. Such way of considering
the nonequilibrium local dynamics as a part of the larger equilibrium dynamics is the heart of the
fluctuation theorem, which we will introduce in Sect. 2.3.

2.2 Stochastic energetics: defining heat in Brownian motion

Let us consider again the overdamped Brownian dynamics. We remark that all the discussions
given here can be extended to the case of underdamped dynamics (see for example, [2]).
We consider the one-dimensional dynamics of a molecule that is subjected to a general force:

X = Fap(X) + v2Tke TE(). (2-2-1)

We introduced the position dependent foifex), which may be decomposed into a position
independent driving force and affective potential force:

U,
ox

Fan(X) = faq) - (2-2-2)

Here and throughout, the we consi@gt) to be the white-Gaussian noise with unit variance,
(€Mé(s)y = ot - 9).

A typical situation which corresponds to Eq. (2-2-1) is a Brownian particle being trapped in
some dfective potential ,y(X) made by an applied optical tweezer or the conformation of the
probed protein molecule. The driving forég, that brings the motion of the macromolecule into
nonequilibrium may be applied externally or through chemical reactions in the phenomenolog-
ical description. We have introducedt), which is a deterministic or stochastic parameter that
controls the value of and the functional form ofJ (x). Changing of? corresponds for instance
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to moving the center of the optical tweezer or switching the chemical states of the protein that
traps the probe bead.

In [26], Sekimoto introduced the following definition of heat (hereafter referred to as Langevin
heat):

Qi=- fo Tdt(—l")'((t) + Y2k TED) o X(1). (2-2-3)

We denoted the Stratonovich intedraso and set a time intervale [0, 7]. The physical meaning
of Eg. (2-2-3) is that it is quantifying the energy transferred from the bead to the water: the ()
part is the thermal force, so the quantity inside the integral is the instantaneous work per time that
is done by the thermal force to the bead.

Let us consider the case whefe= 0. By defining the potential energyftirence between
the time intervalr asAU := U ;)(X(1)) — U,0)(X(0)), we may write

7L [0V (X)) - U, p(X(1) .
AU = fo dt(Tﬁ(t)+Tox(t)) (2-2-4)
- f Tdtw}l(t)+ f Tdt(—l“)'((t)+ \/ZFkBTg(t))oX(t) (2-2-5)
0 o4 0
= W-Q. (2-2-6)

We here definellV as the first term in Eq. (2-2-5), which is the energy shift caused by the change
of the parameten. For example, ifA represents the center position and thérstiss of the
optical tweezer which is controlled from an external systévnguantifies the work that is put
in by this external system. Another example is wherepresents a certain chemical state of
the motor protein, and the discrete switching of this parameter is induced by some stochastic
chemical reaction such as nucleotide binding. In both cases, Eq. (2-2-6) describes the energy
conservation of this Langevin system, which is why it is referred to as the First Law of stochastic
thermodynamics. Notice that sinedJ, W, andQ depend on the trajectory oft), they are all
stochastic quantities even when the time-course of the paraa{terpredetermined. The claim
of Eq. (2-2-6) is that the First Law is obeyed precisely for each single trajectory.

Let us next consider a dynamics with fixédnder the periodic boundary conditiong [0, L]
with U(x = 0) = U(x = L) [or simply, U(x) = U(x — L)]. We call such case the tilted periodic
potential setup:

Tx=f - al;)((x) + 2Tk TE(). (2-2-7)

Under this setup, we have a steady-state velogifyvhich may be analytically obtained as [27]
1—exp[-fL/kgT]

L L :
Jo dxJ, dyexp{[U(x+Yy) = U(x) - fy]/keT}
8Note on the diterent interpretations of integrals is given in Sect. 2.4. The reason why we take the Stratonovich
interpretation in Eq. (2-2-3) is because it satisfies the ordinary chain rules, as utilized in Eq. (2-2-4). Another
important point is that only by adopting the definition Eq. (2-2-3) can we arrive at a quantity consistent with the
logratio of the transition probability. The latter point will be confirmed in Sect. 2.3.
%We have adopted the opposite sign conventiorGidrom [2].

Vst = DL

(2-2-8)
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Noticing that Eq. (2-2-3) is rewritten as

ou T
Q-= f dt( ”“’(X)) @) = f f dtx(t) — AU. (2-2-9)
0
The steady heat dissipation rate may be obtained as
<Q>St_ ||m <Q> = fVSt~ (2'2'10)

Since the steady-state velocity and the driving force have the same sign [EqQ. (2-2-8)], we imme-
diately find

(Qst> 0, (2-2-11)

which implies that a positive energy flux should be observed from the external driver to the
thermal reservoir under this setup. This is related to the Second Law of thermodynamics, which
will be discussed under a more general setup in Section 2.3.2. Here we note that, is in contrast
to the First Law [EQ. (2-2-6)] which is satisfied for every single trial, there is a small but finite
probability that the inequality for the single outcome<tan be violatedQ < 0.

Some remarks should be made. Firstly, the Langevin heat defined by Eq. (2-2-3) does not
necessarily correspond to the actual energy flux between the particle and the surrounding en-
vironment. This is because th&ective potential described by (x) does not always have an
energetic interpretation. For example, the phenomenological description by Eq. (2-2-1) can be
satisfied for the case where a Brownian particle is trapped by an entropic spring. In such case, the
force is the entropic force, so there is no energy flow accompanying the motion of the probe in the
trap, in contrary to the case where the trap is a real energetic potential. In this sense, the potential
U(x) should be considered as thffeetive potential, that governs the dynamics as Eq. (2-2-1),
but may have unknown physical origin.

Secondly, under the typical experimental setup, it is veflyadilt to determine the form of
U (x) from first principles'® This is why in most experimental studies, the functional forra ()
is determined by the motion of the probe itself. In the case of fixadd f = 0, which is referred
to as equilibrium dynamics, the simplest way to estima{e) is to measure the equilibrium
probability density function of the position of the particle:

M]

T (2-2-12)

Peg(X) = %exp[—
Here,Z is the partition function (see Sect. 2.4 for the general discussion on the Fokker-Planck
equation, which describes the time evolution of the probability density function). It is typical
to estimate the spring constanof an applied tweezer by fitting a Gaussian [assuntiifg) =
kx?/2] to the density function, and udeto estimate the force applied to a bio-molecule by
measuring the displacement of the probe from the center of the tweezer.

10The non-linear potential force exerted by an optical tweezer has been theoretically studied for instance in [28].
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In the case where there is finifewith fixed A, it is also generally possible to reconstruct
the potentialJ (x) and the value of by measuring the steady-state probability density function,
P«(X), together with the steady-state velocity,[29]. If we may for instance estimate the form
of U,(x) and the value of for variousA, then we may calculate the thermodynamic quantities
that appear in EqQ. (2-2-6) under the determined protocol or the stochastic switching of

Even using these methods, there are certain cases that the estimate of the tbx) isf
challenging. The typical example is the case of molecular motors, as will be described in Sect. 2.5
and 2.6.

2.3 Markov process and the Second Law

We here remark on the stochastic thermodynamics of Markov processes. We will find that the
empirically defined Langevin heat in the previous section can be understood as a special case of
heat defined in general Markov processes. The principle behind this relation is the local detailed
balance, which is sometimes referred to as the (detailed) fluctuation theorem.

2.3.1 Entropy production in general Markov dynamics

Let us first introduce the Markov process. The stochastic variaflay be discrete or include
many variables, nevertheless we treat it as a continuous variable with a single variable notation.
The definition of Markov process is that the conditional probabilities satisfy

P0G X5 Xty - X04) = P 1%,,), (2-3-1)

for any set of successive timefg, < t;... < t,. This means that the probability of the event
in the future ,) and the pasttg, ty, ..., t,_») are independent under the condition of the present
(t,-1) state. For simplicity, let us consider a discrete time dynamics with an infinitesimal time
incrementAt, and denote the time points:= nAt by nin this section (and also in Sect. 2.4). To
avoid confusion in the notation, let us also write the right hand side of Eq. (2-3-1), which is the
transition probability, a®V(X,[X,_1).

The time evolution of the probability density functi®qa:(X) follows the Chapman-Kolmogorov
equation,

Pr) = [ PO (). (2-3-2)

We assume that the transition probability it is controlled by the time-dependent external parameter
A(t). The integral byx' in Eqg. (2-3-2) is taken over the whole phase space.ofNote that
[ dxWg(xIx) = 1.
Let Xy = (Xo, X1, ..., Xn) b€ the stochastic path taken kyduring theN time steps starting
fromt = 0. From the Markov property [EqQ. (2-3-1)], the path probabiRyxy) is obtained by
P.(Xn) = Po(Xo)Wi(XnIX0), Where we defined the path transition probability as
N-1

Wi (xnlx0) 1= | | Wiy Ocneal0). (2-3-3)

n=0
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We also define the reverse trajectormfast, wherexL = (XN, XN-1, ---» X0), With X; being the
time reversal ok; (i.e., if x represents velocity or momentum= —Xx).

Now, we define the heat entropy production (entropy production of the thermal bath) corre-
sponding to theéN step trajectory as [30, 31, 32],

W
o(xy) 1= log M. (2-3-4)
W (X I%Xn)
Here,W;: is the transition probability assigned to the time-reversed protocol,
N-1
W (i l30) = [ | Wignonm (31%01), (2-3-5)
n=0

which is defined using(t), the time reversal of(t) [for example if the control is by the magnetic
field, A(t) corresponds td(t) with reversed coordinates]. The relation Eq. (2-3-4) is referred to
as the local detailed balance, or the detailed fluctuation theorem [32].

The assumption behind the definition Eq. (2-3-4) is that the stochastic property in the system
of interest is a consequence of thermal fluctuation. In other words, our system of interest is open,
and therefore the dynamics »is coupled to a large degree of freedom which act as the thermal
reservoir, as in the case of the Brownian motion description discussed in Sect. 2.1.1. The meaning
of EqQ. (2-3-4) is that each stochastic step in the variabgeaccompanied by an energy transfer
from the system of interest to the thermal reservoir. The law of the transition probabilities in the
system of interest is thus restricted by the equilibrium dynamics in the thermal reservoir, which
is the usual detailed balance.

The simplest example which explains Eq. (2-3-4) is the case of chemical reaction. Consider
that the state of the chemical substance ATP is of interest. Let us take this opportunity to note
that in the case of chemical reactions, the stochastic process should be considered in continuous
time and discrete states. Such dynamics is called the Markov jump process. The relation between
the transition probabilities, denoted\As and the jump rates, denotedRss simplyW = RAt if
we take a sfiiciently smallAt. Thus, for the single switching event, AFP ADP + Pi, the right
hand side of Eq. (2-3-4) is simply equal®/R". The entropy production of the thermal bath in
this reaction isAu/ks T [33, 34] which means that Eq. (2-1-7) was an example of Eq. (2-3-4).

Another example is the overdamped Langevin system described by Eq. (2-2-1). Let us take a
small time increment and discretize the dynamics to obtain the transition probability:

[[(X - x) - Fﬁ(n)(x)m]z}. (2-3-6)

, 1
W/l(n)(X |X) oC exp{—m

The original Langevin dynamics may be considered as the Nnib o (At — 0) with fixed
NAt = 7 for this discretized dynamics. Noticing that= X since we are only considering
overdamped dynamics, and

Xn+1 — Xn At—0 .
= Fam (%) + Fanan (kae)] = X Fa(¥). (2-3-7)
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we obtain
WA(XN|X0) At—0 1 fT . Q
0 dtxo Fpn(X) = ——. 2-3-8
J W (X %) keT Jo w0 =T (2-3-8)

The right hand side of EqQ. (2-3-8) is the Langevin heat [Eq. (2-2-3)] divided by the temperature
of the heat reservoir, which can be interpreted as the entropy production (in the kijitobthe
heat bath during the time interval

2.3.2 Second Law

To further discuss the Second Law of thermodynamics under the setup of Markov process, we
need to introduce the entropy increment of the system of interest during the time interval. This is
achieved by adopting the Shannon entropy as the entropy of the system:

S(t) = - fdet(x) log P¢(X). (2-3-9)
By defining the stochastic Shannon entrop§atence assigned to the patl ast
Po(Xo)
Xn) = lo , 2-3-10
SOxn) = log = (2-3-10)

we have(s(xy))an = S(r) — S(0). Here the bracket),n denotes the averagﬁdePﬂ(xN)-,
wheredxy := [1,dx. One reason to take the Shannon entropy as the entropy of the system is
that it becomes equivalent to the thermodynamic entropy if the density is in equilildPipd =
Peo(X). Although the physical meaning of Eq. (2-3-9) is not clear for general nonequilibrium
density, it is useful in proving various relations which we discuss as follows.

Considering that the thermal reservoir and the system of interest compose the total closed
system, we expect tha(xy) defined as

Y(Xn) = S(Xn) + o (Xn), (2-3-11)
is positive, from the analogy of macroscopic thermodynamics. In fact, we can prove

P1(Xn)
Prat(Xn) Wt (XLl)?N) -

where the inequality comes from the positivity of the Kullback-Leibler diverg€nasithough
EqQ. (2-3-12) holds for the general initial conditiél3(x) and for any time point in the Markov

1The denominator inside the log of the right hand side of Eq. (2-3-10) must be takemdsy) instead of
Pnat(Xn) in order to makes(xy) an additive quantity in time. In contrast, we must taNQ(xLIYN) instead of
H,’f;ol W n-n) (%nXn+1) in the definition Eq. (2-3-4), for the consistency with the Hamiltonian dynamics.

12Sincefde PNAt(xN)WF(pr?N) = 1, the denominator inside the log in Eq. (2-3-12) is a probability density.
Note that for the general case where: %, this density has no sensible meaning; it iatient to the reverse path
probability. This subtle issue plays a critical role in the problem of whether the irreversible entropy production
increases or decreases upon the reduction of dynamics [35], since it is related to the condition in the proof of the
monotonicity of Kullback-Leibler divergence [36].

SO an = f AP, (xn) log (2-3-12)
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process, in the case for a steady-nonequilibrium dynamics aftefieiesotly long time N — o
with fixed At, thust — ), we have

(XN aN S g Moo (o (XN))aN
NAt - NAt

>0, (2-3-13)

since the contribution from the Shannon entropy production does not diverge in time. This in-
equality (2-3-13) is the generalization of the positivity of the heat flux shown in Eq. (2-2-11).
Let us remark that Eq. (2-3-12) can also be derived by another general relation

(P =1, (2-3-14)

AN

which is referred to as the integral fluctuation theorem [5, 37].

2.4 Stochastic diferential equations

Here we briefly note on the treatment of stochastitedential equations. Eerent interpre-
tations of the integral in the Langevin description is linked to the Fokker-Planck equation. We
also mention the calculation of the irreversible entropy production.

2.4.1 Fokker-Planck equation

Consider the overdamped Langevin dynamics,

Ix = F(X)+ V2TksTE(D). (2-4-1)

Let us first assume th&tandT both do not depend ax The discretized version of the dynamics
can be written as

I'(Xhi1 — %) = F(X)At + +/2I'kg TAtB,, (2-4-2)

wheret is now replaced byAt. The termB, is a stochastic variable that takes random values
with the probability density

P(B,) = \/iz_ﬂe-BnZ/Z. (2-4-3)

From Eq. (2-4-3), we obtain the transition probabilities of the Langevin dynamics, such as in
Egs. (2-3-6, 2-6-8). Assuming that eaBhis chosen independently for each time painwith
respect to the density Eq. (2-4-3), we have

[* dBRB)B? =1 (n=n)

[~ dBRB)Bx [~ dBP(B)B =0 (n#n) (2-4-4)

(BnBr) = {
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Here,(-) denotes the ensemble average. Now, by setting

&(t) = lim By/ VA, (2-4-5)
we have
. /BuBy\ _ [limy01/At (t=5) "
€)= fim (Z0) = {o e , (2-4-6)
which can be written as
(EV)é(s) = o(t - 9). (2-4-7)

Let us introduce a simple derivation of the Fokker-Planck equation using this discretized
dynamics. For some functiag(x), consider the Taylor expansion

dg(x) dzg(X)
dx

l 2
+ = (Xns1 —
5 (e = %)

9(%n+1) — 9(Xn) = (Xns1 — Xn) (2-4-8)

X=Xn

The ensemble average of the left hand side of Eq. (2-4-8) is, using the density furigi{ahs
andP,;1(x),

(Q0r) — G0 = f A Pos2(%) — Pa()]g() = At f axg o™ 1 oae). (249

The ensemble average of the right hand side

d d?g(x
<(Xt+At - X) g( %) —x + §(Xt+At - %) dg)fz) — + > ) (2-4-10)
can be rewritten as
2
FO) 49| KeTAL GO0 5z (2-4-11)
r dXx lxex, r e |
by using Eg. (2-4-2) and
(Bah(x0)) = 0 (2-4-12)
(Br?h(x0)) = (h(Xa)), (2-4-13)
which holds for arbitrary functions(x). The term (2-4-11) further be rewritten as
” F(X) dg(x) | keT d?g(x) 2
At f_m de(x)[ T dx + T de + O(At9) (2-4-14)

2

= At j:w dxg(X) {%%[—F(X)Pt(x)] + I%Pt(x)} + O(At?), (2-4-15)
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Comparing (2-4-9) with (2-4-15), we obtain

P 10 keT &2

2 = =2 IFOIPO)] + 5P, (2-4-16)

which is the Fokker-Planck equation.
The time evolution equation (2-4-16) can also be written using the culjedt

P - 2 e -l en) (2-417)
0
=~ 0. (2-4-18)

Since Ji(X) = 0 is a stficient condition for the left hand side of Eq. (2-4-18) to be zero, we
have the equilibrium density described in Eq. (2-2-12F (k) = —U’(X). In general, under the
presence of nonequilibrium driving forcé(x) = f — U’(x), it is impossible to obtain a density
which satisfies)(x) = 0. Nevertheless, the steady-state density can be obtained as the solution
to Ji(X) = Jgt =const.

2.4.2 Case of position dependent temperatufiction

Let us next consider the case where the temperature is not uniform in space:

I = F(X) + V2TksT(X) » £(1). (2-4-19)

Such case where the noise term depends on the value of the stochastic variable is called a dynam-
ics with multiplicative noise. Given Eq. (2-4-19), we have multiple ways to define the discrete
version of the dynamics corresponding téfelient interpretations of the multiple denotedeas

I'(Xn+1 — Xn) = F(Xn)At + 2kg T (X0) AtB(t), (2-4-20)

wherex, is defined using a parametexOp < 1:
% = PX + (1 - P)Xnsa. (2-4-21)

Interpretinge asp = 1 in Eq. (2-4-20) is called thedtinterpretation (typically written ag,
where agp = 1/2 (written aso) andp = 0 are called the Stratonovich and an@-ihterpretations,
respectively [38].

In contrast to the usual filerential equation where the dependence of the dynamics on such
p becomes negligible for skiciently smallAt, the stochastic dlierential equation described by
Eqg. (2-4-20) has strong dependencegmnirespective of the smallness &f. To see this, we start
from

1 dT(x)
T(x dx

VT (%) = VT (%) |1+ %(in — Xn + O(At3/2)] . (2-4-22)

X=Xn
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Noticing that

%=X = (1= P)(Xne1— %) = (1= p) w/@AtB(t) +O(AY),  (2-4-23)

we arrive at

T (%1 = %) = F(x)At + V2Tks T (%) AtBn + (1 — p)Bo’ke ——= dT( I O(At?). (2-4-24)

X=X

The third term in Eq. (2-4-24) is the non-negligible contribution frprand the inhomogeneity
of the temperature. Recalling Eq. (2-4-13), we substiB4tan the third term with 3. Thus, we
obtain the Langevin equation for genepalith an I interpretation in the multiplicative noise:

=(1-pksT'(X) + F(X) + v/2IkgT(X) - &£(1). (2-4-25)
Starting from Eqg. (2-4-25), we can follow the path that we obtained Eq. (2-4-16) to show
OP(x) 190 ks T(X)
= 1oy ([FO) + (L= PkeT ()] Pi(x)} + [ =P (2-4-26)
For an equilibrium density to exist, it should satisfy
d _ F(¥) - pkeT’(¥)
deeq(X) = T Peq(X), (2-4-27)
which means that ik is subjected to some boundary condition like & < L, we can define
F(X)
V(X) = f dx T (2-4-28)
and thenPgy(X) o« exp[-V(X)]/T(X)P is the solution. Notice that this densityfidirent to the
usual canonical density for any, even in the case df(x) = —-U’(x). This means that the

inhomogeneous temperature is an intrinsically nonequilibrium setup.
A similar discussion follows for the case where the friction fogeentI" depends on the

position
k /ZkB At
Xesat — X = ——— XAt + B(t 2-4-29
t+at — Xt F(Xt)Xt (%) (1), ( )

by usingXin Eq. (2-4-21) again. We arrive at

OP(X) F(X) ke T
at “_{[rm a- )(r<x>) "BT]P“X)} W[WF‘( )}

13Since B,? is a stochastic quantity, it fluctuates around its average value, 1. It is reasonable to neglect this
fluctuation, since it will only contribute to a term proportionalAg which is ordervAt smaller than the second
term in the right hand side of Eq. (2-4-24).

(2-4-30)
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where we wrotal'(x)"t/dx as (YT'(x))’. In contrast to the case of inhomogeneous temperature,
an equilibrium density can be obtained fofx) = —U’(X) in this case:

(X)]
ke T

For the case op = 0, we recover the canonical distribution, Eq. (2-2-12).

Peq(X) o< [T'(X)]° eXp[ (2-4-31)

2.4.3 Physical interpretation

Although we considereg as a general parameter up to here, the valuyeisfactually deter-
mined in the physical system if we start from the underdamped Langevin equation

Xx=V, Mv=-T(X)v+F(X)+ v2I[(X)kgT(X)&(t), (2-4-32)

and consider the elimination of the velocity variable he key here is that there is no issue in the
interpretation of the multiple in Eg. (2-4-32), since the fluctuation term appears inffaeedtial
equation ofvand not in that ok. The overdamped Langevin equation is obtained as

T ( ) 2V, ) - &(1), (2-4-33)

which means that we should take th@ interpretation in Eq. (2-4-19) and the ant-Ibterpreta-
tion in EqQ. (2-4-29).

Equation (2-4-33) is obtained for the case where the position dependehemdf” are static.
In other words, this is the case where the time it take§'fandT to change its value according
to the motion ofx is faster than the time-scale of the velocity variallgI. It is natural that in
such situations, the position dependent frictionfioent alone cannot derive the system out of
equilibrium, as proved by substituting= 0 in Eq. (2-4-31). As will be discussed in Chapter 4,
the situation changes when the time-scale of the chanfasrslower thanM/I", which allows
nonequilibrium phenomena to arise.

X =

2.4.4 Positivity of irreversible entropy production

Let us come back to Eq. (2-4-1) and prove the positivity of the irreversible entropy production
rate:
(i(t)) S(t) + Q? > 0. (2-4-34)
where we denoted the ensemble average at a transient &is{g Although the inequality (2-4-
34) is included in the general scheme, Eqg. (2-3-12), we note here for convenience [see Eqg. (2-6-
21)] and the sake of completeness.
From Eq. (2-4-18), the time derivative of the Shannon entropy is simply obtained as,

é‘Pt(x) J(X)Pi(X)
S(t) = f dx log Py(X) = f dx ) (2-4-35)
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Next, the average of the Langevin heat becomes

o [T

(Q) = (Xo F(X)) = < UL F(x)> (2-4-36)

The second term in the bracket in the right hand side has the Stratonovich integral, thus by using
Egs. (2-4-12) and (2-4-13), it should be rewritten as

wr (2)

Bn Xn1 —
<M[F(Xn)+ > F(xn)+0(At)]>t

B, feTat
<\/_A_t FO0) + /= ‘B, (%) + O(At)bt
= =LE o (2-4-37)

where we useeé in the sense of equality obtainedtt— 0 in the first and last lines. Hence, we
arrive at the simple formula [39]:

F(x)? , J(¥)Pi(X)
fdx[Pt(x)rkBT + I“Pt( X)F’(X) + —Pt(x) ]

Jt(x)z

2.5 Phenomenological model of molecular motors

(&(t) o F()y

(20),

Here we consider a specific type of stochastic process, a chemically-induced single-molecule
transport. The model we introduce is a mixture of Brownian motion and discrete stochastic
switching.

25.1 Setup

We are interested in the transport driven by molecular motors. Although the motion of molec-
ular motors was first observed as a sliding and continuous motion [1], we now know that the dis-
crete chemical reaction steps are responsible for the fundamental dynamics, as will be described
in the following chapters for various motors. Since the center of mass of the motors are under-
going the usual overdamped Brownian motion, we need to combine this stochastic motion in the
continuous space with the discrete space (chemical reaction) in order to discuss the physics. Here
we introduce a general framework that includes such dynamics.

We start from the overdamped dynamics, Eq. (2-2-1), but consider that the pararnaes
discrete values] = m=0,+1,+2, .... The dynamics ofl is given by the Markov jump process.
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The Markov jump process is described by the switching rates, which generally depend on the
position of the particlex. We further assume that the stochastic switching occurs only between
nearest neighbors. Therefore, it isfltient to define the switching rate functioR$,(x) and
R.(X), which represent the switchings— m+ 1 andm — m— 1, respectively.

Each states described by the variatvidas its corresponding potential energly,(x). The
Langevin dynamics reads

TX = foxe— U/ (X) + \2Tka TE(R). (2-5-1)

where we wrotaJ/ (X) := dUn(X)/0x. We have in mind the case where the external fdigas
externally applied to the probe of interest, through an optical tweezer with feedback or electric
field [16]. The total stochastic process, concerning badindm could be written by

OP(x. o (. T 9
% == {[Um(x) ~ fo] Pi(x, M) + k'%&ﬂ(x, m)}

R (P M= 1) + Ry ()P(x, m+ 1) - [R5,(X) + Ry(X)]Pi(x, m) (2-5-2)

The first line in the right hand side of Eq. (2-5-2) corresponds to the usual Fokker-Planck dynam-
ics (see Sect. 2.4), and the second line corresponds to the switchimg of

We assume that there is a steady-state in this stochastic dynamics, meaning that if a periodic
boundary condition set in bothandm, the density functiorP(x, m) will converge toPs(x, m)
after a stficiently long time.

2.5.2 Energetics of model

The average of the energyfiirence between the time interwahfter the system has fallen
into a steady-state is

(AU)s <um(f)(x(r»—um)(x(0»— fo ont'x(t)> (25-3)

st

= - feXtVStT (2-5'4)

Here, the steady-state average denoted)hys the average taken ovex, M) with the density
Ps{(X, m) and the transition probability. The steady-state average velootty:is (X(S))s. Equa-
tion (2-5-4) can also be decomposed as

(AUyy = 7 f A% D" Am(¥) [Um1(¥) = Un(¥)] —< fo ) O] Foxt — Uy (XO)] o>'<(t)>(2-5-5)

st

= <W>st - <Q>st- (2‘5'6)

The two terms in the right hand side of Eq. (2-5-5) have distinct physical meanings from the
point of view of the system’s energy exchange with the thermal bath. The first term corresponds
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to W in Eqg. (2-2-6); it is the energy shift that accompanies the switching, afefined using the
steady-state switching position density

Am(X) := Psi(X, MR (X) — Ps(X, m+ )R, (X). (2-5-7)

The the second term of the right hand side of Eq. (2-5-5) is the energy that flows through the
one-dimensional Brownian motion (Langevin heat).

Whether or not to caW in Eq. (2-5-5) as work or heat depends on the physical mechanism
behind the switching ofn. If we consider an external macroscopic system that drveleter-
ministically, it is natural to call the energy required to switch the potentials}) as work. If on
the other hand, there is no external system that drives the motion in this system apart from the
thermal bath, we must assume

Ry _ exp[um(x) - Una(¥)
R (X ke T
which is the detailed balance condition. This implies that the switching of potentials is itself a
stochastic thermodynamic phenomena. Setfipg= 0 together with the condition Eg. (2-5-8),
we have an equilibrium dynamics with no current,= 0 and(W)s; = Qg = O.

In the case of molecular motors, the switchingnofis indeed a stochastic process which

follow a similar detailed balance condition, but with an external supply of chemical free energy.

Such situation may be realized by combining the detailed balance Eq. (2-5-8) with the bias in the
chemical reaction:

, (2-5-8)

R;;\(X) — exp Un(X) = Um1(X) + Attmomet (2-5-9)

Ra1(X) ke T
Here, Aum_m:1 IS the free energy flierence caused in the chemical reaction that accompanies
the switchingm — m+ 1, which makes the additional bias, e&pf, .m1/ksT]. If for instance
Aum-ms1 IS positive for allm, and the minimal position of the potentialdJ,(X) is an increasing
function of m, then the nonequilibrium unidirectional chemical reaction will drive motiox in
(i.e.{X)st), even wherfe, = 0 or evenfe,; < 0. Note that the full stochastic dynamics which takes
in to account the transition ofandmis consistent with the picture of stochastic thermodynamics
[EqQ. (2-3-4)] if we take into account the contribution&i, .1 in the heat entropy production.
This case, which is of most interest in this thesis, will be explained in detail for the model of
F,-ATPase in Sect. 3.4.

Another type of dynamics we can consider is the switching of the valuetokthn constant,
more specificalM”. The reason for unidirectional motion under such setup is less trivial com-
pared with the potential switching scheme, although it can be understood as a nonequilibrium
phenomenon through the knowledge on stochastterdintial equations presented in Sect. 2.4.
This will be the main topic when considering the model for cytoplasmic motors in Chapter 4.

2.6 Nonequilibrium fluctuation response relations

Here we briefly review the nonequilibrium fluctuation response relations (FRR) in the nonequi-
librium models. Although one of the main motivation of this research topic was to quantify heat
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m=1 2

Fig 2.1: Example of the Brownian motion model with chemically-induced potential switching. Each
integerm has its corresponding potential. Such model appear in the modelAfFase, discussed in the
next chapter.

dissipation in molecular motors [40], there has been considerable progress in the pure-theoretical
side. This is one of the research fields where the practical problems of biophysics motivated the
investigation of fundamental problems in statistical physics.

2.6.1 Quantifying heat through the violation of FRR

Even if we assumed the phenomenological model for molecular motors as described in the
previous section, we do not know the potential foun(x), the applied external forcé, or
the switching rate functionsx:(x). Then, the question we address is follows: is it possible to
quantify the steady-state heat flg®)s; through experimental observation, under the constraint
that we do not know the detail of the model parameters?

In this direction, a remarkable idea was presented by Harada and Sasa in 2005 [41]. The
authors focused on the fluctuation dissipation relation, which is a macroscopic relation that is
accessible in experiment, and proposed a way to utilize the violation of this relation to quantify
the heat dissipation. Here we present a simple proof of their theorem, based on the discussions
in[42, 43].

Consider the velocity autocorrelation function, and the velocity response function:

C(t)
R(t)

([X(5) — Vsd[ X(t + ) — Vet st (2-6-1)
S(X(S + 1))e
e (2-6-2)
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Their Fourier transforms are defined as

C(w) f ) dtd“'C(t) (2-6-3)

Re[ f ) dté“’tR(t)] = f ) dtéwtw. (2-6-4)

R(w) 5

The average denoted Ky, in Eq. (2-6-2) is also a steady-state average, but for a modified dy-
namics with a small time-dependent perturbative fai(te

TX = fox + €(t) — U2 (X) + 2Tk TE(D). (2-6-5)

Note thatC(t), R(t), andvs;do not depend on the reference tistgecause of the time-translational
invariance of the steady-state ensemble. We may consider the natural extension of the following
results to the case of transient ensembles, nevertheless we stick to the steady-state case since it is
most accessible

It is natural to compare the fluctuation and response defined as Egs. (2-6-1) and (2-6-2), since
€(t) is the conjugate force of the flogx). By preparing an equilibrium dynamics with the detailed
balance condition Eq. (2-5-8) arfg; = 0, we may prove

_|Ct)/keT t=0 .
R(t)—{0 (<0’ (2-6-6)
which is equivalent to
C(w) = 2ks TR (w). (2-6-7)

Egs. (2-6-6, 2-6-7) are the fluctuation response relations.
As we have done in Eq. (2-3-6), it is convenient to consider the time-discretized dynamics
of the stochastic process. The stochastic variabdgs)(follows the path Xy, my), whereN is
a suficiently large integer. Let us replasaandt by n’At andnAt, respectivelyii + " < N,0 <
n,n’). The transition probability for a single time steft) should be written as

’r_ _ € — ’ 2
W m(X[X) o exp{— [F =% (;l‘ii:TAt Un()) Al } (if m=n)
WH(X, nY|x, m) = ¢ Ry (X)At (if X = x& m' = m+(2)6-8)
R (X)At (if X =x&m =m-1)
0 (else)

where the explicit time-dependence througis due to the perturbative forag = €(t). The
normalization factor for the first line in Eq. (2-6-8) is determined so as to satisfy the condition
[dX 3y Wa(X', mY|x, m) = 1.
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The right hand side of Eq. (2-6-2) is now written as

6<X(S+ t)>E _ d f Xnsrv+l — Xn+n’
S T de ) o Z P(Xn, M) (2-6-9)
— i 1 =0 P (XN’ mN) X +1 — Xnap
= tim o [ 3P my [m 1] 10

with the path probability defined as

N-1

P<(xn, M) 1= Pi(X0, M) | | Wi e, Mo, my). (2-6-11)
We here use- in the sense of equality obtained in the limit — O without remark. Since

the perturbative force does natect the transition probability ah, the ratio between the path
probabilities is

P<(Xn, Mn) - €n Xn+1 — Xn ,
n=0

up to the smallest order in Therefore,

R() = f dXN P=(xn mN)ZFkBT PR et Upy ()| 22 (2:6113)
Noticing that
% f " dwC(w) = im cw+Ccy +2C(_t) (2-6-14)
1 f doR () = lim m RO+ RCY R( ) (2-6-15)
we now arrive at
Qu=TV%+ % f : dw [C(w) - 2ks TR ()] (2-6-16)

The theorem Eg. (2-6-16) has a clear interpretation that the two quantities which value the
extent of nonequilibrium, the steady heat dissipation and the violation of the fluctuation response
relation, are linked in the most simplest manner.

For a tilted periodic potential model [Eq. (2-2-7)], i.e., when there is no switching,in
we can easily prove from Eq. (2-2-8) th@, > > I'V2, with the equality obtained for the case
whereU’(x) = 0. Therefore, the integral term in Eq. (2-6-16) appears as a consequence of the
inhomogeneity in space of the force experienced by the ptbbe.

Y¥This led to the definition of Stokedfieiency [44]. In the existence of the switching variabiehowever, the
inequalityQs; > T'v2, does not hold in general; it is even possible @fto become negative. Such situation does not
contradict with the Second Law, since the total irreversible entropy production, which includes the dissipation from

the dynamics ofn, is always positive [Eq. (2-3-12)]. Such compensation of entropy production from a sub-system
for another is deeply related to the problem of Maxwell’s demon [45, 7, 8], which is beyond the scope of this thesis.
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The integrals taken in Eq. (2-6-14) diverges to infinity if taken separately. FiGfty—
0) = (X% ~ 2Ds(t — 0). Second, since the left hand side of Eq. (2-6-16) is finite in ordinary
situations, this divergence means that the integral in Eq. (2-6-15) will also diverge. Note that in
the high frequency regime, the correlation and response functions should converge:

Clw), 26 TR () = ZK'%T,

(2-6-17)
since for a very small time-scale, the fluctuation term dominates in the Langevin dynamics, and
the dfective dynamics is dominated by the free Brownian motion, Eq. (2-1-1).

Apart from its physical meaning, what is most significant about Eq. (2-6-16) is that the quanti-
ties in the right hand side can be measured by macroscopic experiments, in the sense that the long
time average can bdfectively taken without the knowledge of the functional formdJg{{(x) or
the values offe. In fact, we need not to assume anything about the discrete varainléhe
data analysis; the relation (2-6-16) does not depend on the type of dynamics introduced through
A, as far as there exists a steady-state in the total stochastic dynamics. Thus, Eq. (2-6-16) was
utilized in exploring the heat dissipative feature of the molecular mofeXTPase, which will
be discussed as a main topic in Chapter 3.

2.6.2 FRR, model estimate, and entropy-frenesy correspondence

Since the fluctuation response relation is one of the most fundamental equations in statistical
physics, considerableferts have been devoted to the research on its extension to nonequilib-
rium situations. For example, Speck and Seifert argued that there is a natural extension of the
fluctuation response relation for the nonequilibrium steady-state setup [46]. In the case of tilted
periodic potential setup [EqQ. (2-2-7)], they obtained

R(t) = {S'C(t)/ el :i 8, (2-6-18)
where the new correlation function is defined as
Cie(®) = ([X(8) = VXX + 9 = VOx(t + 9)Dsr. (2-6-19)
The quantity denoted by(x) is the local velocity:
V() = LF:;‘(X). (2-6-20)

wherelg is the steady-state flow [see Eq. (2-4-18)] &ni@ the length of the periodically bound
region.
The reason for the simple relation Eq. (2-6-19) comes from the equality

Qst = T(V(X)?)st (2-6-21)
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which can be generalized for the non-steady-state case as Eq. (2-4-38). We can directly use
EqQ. (2-6-21) to quantify the heat dissipation; all we need to measure is the steady-state velocity
Vgt and the precise steady-state denBifyx).

Apart from the general éliculty to measure the precise formf(x), especially at the points
where ¥ Pg(X) gives large contribution in the ensemble, there is a practical reason why we cannot
use Eqg. (2-6-21) to estimate the heat dissipation for the case of the stochastic switching model
introduced in Sect. 2.5. In experiment, the typically observed variable is the position of the
Brownian particlex, and thus the information om is not, in general, accessible. This means
that we can only measure the steady-state density

P(¥) = ) Psf(x,m). (2-6-22)

However, in order to quantify the steady heat dissipation in this setup, we also need to observe
the variablem since the local velocity requi

2
Q= T(V(X M) = T <m> (2-6-23)

Indeed, it has been confirmed in experiment for the rotary molecular metar Fase, (S.
Toyabe, private communication, 2012) that Eq. (2-6-18) does not hold if one defi)assing
the naive steady-state density, Eq. (2-6-22). This means that the dynamic&biP&se cannot
be modeled by a tilted-periodic potential setup, and the chemical degree of fremgoeeds to
be taken into account explicitly.

Another branch of theories were studied by Baiesi, Wynants, and Maes [47, 48, 49]. They
focused on the quantity named frenesy. Before we explain their works, let us note on the interest-
ing aspect behind the structure of Egs. (2-6-16) and (2-6-18). Under the setup of tilted periodic
potentialF(x) = f — dU(X)/dx, we may prove two equalities:

% j: . dw [G(w) - %%T] +TVE = 4kgT(A(X))st (2-6-24)
L =y 2keT] _ (keT)? [(Pe®Y
P ‘f:w dw |2kg TR (w) — T] = T <( Pst(x)) >St. (2-6-25)

We introduced the frenesy as

10 = PO | 1 dF()

= BkgT AT dx (2-6-26)

which has the dimension of timk Note that because of Eq. (2-6-17), it is consistent that the
right hand sides of Eqgs. (2-6-24) and (2-6-25) are both finite.

The frenesy [Eq. (2-6-26)] has a physical meaning as the escape rate fror Jitesee
this, we consider the Langevin equation in continuous time and discretized space to consider
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the corresponding Markov jump process. Assuming that the positiotigre placed on lattice
points, we define the jump rate from siéo sitex’ as
UX) - U(X) + f(X - x)}
2k T '
To obtain the Langevin description from Eq. (2-6-27) through the Kramers-Moyal expansion [18],

we required, rw(r) = 0, 3, r>w(r) = 2ksT/y, and that the higher order moments are negligible.
Now, the escape rate is defined and calculated as

R(x — X) = w(X — Xx) exp{ (2-6-27)

Z R(X - X) = Z w(r)|1+ %r[U’(x) - f]- %ZU”(X) + /%[u'(x) - f]2](2-6-28)
X' #X r+0
10, F(X)?
~ Z w(r) + y F/(X) + 2kBT] . (2-6-29)

We find that thex-dependent part of the escape rate is obtained as Eq. (2-6-26).

It has been claimed that frenesy plays important roles in Markov dynamics without detailed
balance £nonequilibrium). For example, it has been found to appear in the variational formula
of the cumulant-generating functions [50], extension of the minimum entropy principle [51],
and large deviation functions [52]. What we find interesting is that these relations, formulated
in Markov jump dynamics, have the counterpart formulae that can be re-derived for the case
of Langevin equations, with all the frenesy terms exchanged to the irreversible entropy produc-
tion [50, 53].

The structure behind such exchange of frenesy and irreversible entropy production is a con-
sequence of the formula satisfied in the Langevin dynamics:

_ (keT)?

, 2
(Z()), ~ kaT A0 = == <(E£3)> (2-6-30)

which may be proved easily from Eq. (2-4-38). This relation indicates that under a fixed density
function, the irreversible entropy production and frenesy are essentially equivalent in Langevin
systems.

Given the equality (2-6-30), it is now interesting to interpret it as the generalized fluctuation
response relation. This is obtained by simply substituting Egs. (2-6-24) and (2-6-25) into Eq. (2-
6-30); remarkably, we recover the Harada-Sasa equality, Eq. (2-6-16).

What Eq. (2-6-25) is claiming is that the response function at timm@ does not include any
information about the nonequilibrium feature of the dynamics. Thus, the Harada-Sasa equality
can be understood as simply quantifying the heat dissipatiotQdy ~ I'(X?)s but by sub-
tracting the convergent term and the contributions from the spacial inhomogeneity through the
corresponding response function term.

2.7 Objectivity in the definition of heat

Up to here, we have discussed the theoretical ideas which allow us to quantify heat dissipation
in small stochastic systems. The basic idea is that we do not need to directly measure the energy
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transfer in such systems in order to obtain the thermodynamic quantities; they can be estimated
through the observation of the motion of the probe beads, possibly with some applied perturba-
tions. Nevertheless, since the actual calorimetric heat is inaccessible in such small systems, there
is a general concern that the presented framework of stochastic thermodynamics is missing some
level of heat dissipation that we are not aware of. Here we make a couple of remarks related to
this problem.

For instance, the free energy that dissipates in chemical reactions [Eg. (2-1-6)], and the po-
tentialU(x) in the Langevin description (cf. Sect. 2.2), may include non-energetic components.
For the chemical reaction, the free energy change is composed of an energetigopamnt the
concentration dependent part [cf. EQ. (2-1-6)], where the latter obviously has no interpretation
as energy transfer or heat dissipation. The force obtained thid(ghin the Langevin model
does not distinguish between potential force and entropic force, since in most cases it is only the
effective force that is introduced to match the dynamics with the experimental observation.

These issues are the natural consequence of our phenomenological model description. When
we introduced the modes as Markov processes, the physics behind the hidden degrees of freedom
were only taken into account through the transition probabilities. Since there are infinitely many
physical systems that produce mathematically equivalent Markov processes, it is, in general,
impossible to estimate the thermodynamic quantities through just the observation of the stochastic
dynamics.

Such possibilities of dilerent physical origins of the given dynamics may be narrowed down
if we were able explicitly take into account the hidden degrees of freedom. Thus, the general
problem can be formulated as follows: is there a proper way to quantify heat dissipation in
an dfective model-independent manner? For example, in the case of an entropic spring, the
Langevin heat (coarse-grained scale) is non-zero, whereas the heat dissipation quantified at the
scale where we could see the degrees of freedom in the spring (fine-grained scale) is zero, which
is the case that we failed to quantify heat dissipation in an objective manner.

There is a fairly general work around to this problem; when we consider the irreversible en-
tropy production, i.e., if we add the entropy of the system to the heat entropy production, the
objectivity with respect to the change of the level of descriptions, is recovered. This is because,
for the example case of an entropic spring, the entropy of the spring will contribute to the ir-
reversible entropy production at the level of fine-grained scale [54], which will account for the
Langevin heat dissipation observed in the coarse-grained scale.

Thus, if we are interested in the irreversible entropy production, or the steady-state heat dis-
sipation(Q)s; Which is essentially equivalent to the irreversible entropy production [cf., Eq. (2-3-
13)], we do not need to worry about the physical interpretation of heat or its objectivity. Even if
the potentials were not purely mechanical, and there is doubt in calling the estimated Langevin
heat as heat dissipation, at least what we are measuring through the application of stochastic
thermodynamics it is the most important quantity related to the Second Law.

There are, however, cases that even the irreversible entropy production té&emtivalues
depending on the scale of description. In the works presented in [35, 55], we proposed the concept
of hidden entropy production, which is theffdirence in the irreversible entropy production that
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appears in the coarse-graining procedure of nonequilibrium dyntmldeder the existence of

such hidden entropy production, there seems to be no general way to experimentally estimate the
“correct” dissipative feature, apart from considering the excess part of entropy production [55].
Thus, itis left for future studies to consider a more general framework to resolve the existence of
of hidden entropy production, or at least prove a non-existence theorem under specific setups of
bio-molecular experiments.

5This is the main topic of Dr. Yohei Nakayama’s thesis (in Japanese, 2015).



Chapter 3

Rotary motors
-Asymmetric switching rule in F-ATPase-

In this chapter, we describe the current theoretical understanding on the motion and thermo-
dynamics of the molecular motorfATPase (or k). After giving a brief historical overview, we
discuss the correspondence of the dynamics ofiétor to the model description explained in the
previous chapter. Then we will focus on the recent experimental finding that the dissipative heat
inside the kr motor is very small, irrespective of the velocity of rotation and energy transport.
We claim that the totally asymmetric allosteric model (TASAM), where ATP binding;tesF
assumed to have low dependence on the angle of the rotating shaft, produces significantly consis-
tent results with the experimental data. The key features of the model is understood through the
time scales appearing in the singular perturbation analysis. We explain how the proposed model
gives predictions on the heat dissipative feature in the ATP synthetic rotatign of F

33
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3.1 Introduction

The detailed chemistry and energetics pfA Pase (or k) has attracted special attention due
to its outstanding role in the endpoint of the metabolic network. In eukaryotic cells,,fhe F
complex in the inner membrane of the mitocondrion is responsible for the generation of more
than 90% of the ATP consumed in the cell. Since ATP is the most fundamental currency of
energy in biological systems, the thermodynamic feature af Eerms of gficiency and speed is
of critical matter to the whole cellular process.

The brief mechanism of ATP generation (reformation) in the mitochondrion is described as
as follows [56, 57]. The electron transport chain functions as a consequence of the metabolic
reactions, and generates a large proton gradient across the inner plasma membrane of mitochon-
dria. The |5 complex, which is embedded in the membrane, sits as a pathway for the protons
to flow through the membrane (Fig. 3.1, left). Upon this transport of protons,.therkponent
generates torque on thesubunit, which is the elongated shaft-like protein that links tharkd
F1 complexes. The fFcomplex holds three nucleotide binding sites (called catalytic sites in some
context) corresponding to the three pairsxodindg subunits aligned in a circle (Fig. 3.1). The
unidirectional rotation of the shaft induced by stimulates the Fcomplex to induce the other-
wise unfavorable chemical reaction ARDFPi — ATP in these binding sites. In such manner, the
chemical free energy corresponding to the proton gradient across the membrane is first translated
into a mechanical potential that induces the rotary motion of the shaft, and then converted into
the chemical free energy of ATP.

The uniqueness of;Hies in its feature of reversibility. In 1997, Kinosita and Yoshida’s group
reported that the f#not only works as an ATP synthesizer, but can also act as an ATP consuming
rotor [58]. In their experiment, the minimal components of the o, 3, andy subunits, were
placed on a coated bead to observe the dynamics gfshaft, through a probe filament attached
to the end of it (Fig. 3.1, right). Strikingly, the live fluorescent images showed the unidirectional
rotation of i (anti-clockwise, viewed from above), with clear evidence of°1&@pwise mo-
tion [59]. The observed steps were immediately related to the three-fold symmetric structure of
F1, which had been known from the biochemical [60] and crystal structure analyses [61].

Rotational motion of the F£motor is roughly explained as follows: thg subunits change
their conformations following the events of the binding of ATP, the hydrolysis reaction-ATP
ADP + Pi, and the release of Pi and ADP. These chemical-reaction coupled conformation changes
induce they subunit to rotate 120per single ATP input and ADR Pi output. The fact that the
120 step corresponds to the hydrolysis of a single ATP was confirmed through various setups of
experiment [62, 63]. Thus, thefotor is not only the smallest known rotary motor, but it is also
a tightly-coupled &iciency-maximized motor (see Sect. 3.3.1).

The key in the rotational motion of;ks in the strong correspondence between the chemical
states of the nucleotide binding sitesijf and the rotational position of theshaft. Observation
of motion using smaller probes [64] showed that the°126p is actually composed of substeps
with 80° and 40 of rotation. The two-step motion was related to the chemical reaction steps in
the ATP hydrolysis reaction [65] (see Fig. 3.8). These observations led to the soscaledt
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ATP hydrolytic rotation
\{-\

ATP

ADP+Pi

ATP synthetic rotation

H+

Fig 3.1: (Left) The RF1 complex embedded in the plasma membrane of the mitocondria. The large
chemical potential corresponding to the proton concentration gradient across the membrane is converted
to the free energy of ATP, through the rotation of $hehaft forced by the §& (Right) Minimal component

of F;1 placed on a bead or a cover slip, upside down from the left figurdurkctions as a motor in such
situation; it consumes the free energy of ATP hydrolysis to rotateytebaft unidirectionally, as was
observed through the fluorescent image of the probe filament (red). Notice that the direction of rotation
with respect theys subunits is opposite in the two cases.

dominator model [66}. Indeed, external torque applied to thehaft in the clockwise direction
induced than vitro synthesis of ATP by F[68, 62]. This means that the angular position of the
v shaft with respect to thes subunits is a single variable that isfcient to control the whole
chemical process involved in the reaction, AAPADP + Pi.

From the experimental point of view, a rotary molecular motor has its definite advantage over
linear motors in the sense of statistical analyses. The motion of the same single molecule can be
traced for a long time for a rotary motor, whereas linear motors will detach from the rail during
the observation, especially upon application of external force for instance by optical tweezers. In
[12], for example, the state specific forms of tHBeetive potential of Fwas calculated from the
high-resolution trajectory data of a single-molecule. Such work is taking advantage of the fact
that the probe particle gets trapped by the saffexve potential over and over again during the
rotational motion. From the data obtained in these manners, it is becoming possible to compare
the detail of the phenomenological models to the actual physical aspegtivhRigh precision.

Speaking of theoretical modeling, numerical calculations on the modeled motiarhaf/E
been conducted from right after the initial observations ofinhatro rotation. In [69], Wang and
Oster introduced a chemical switching-induced Brownian model, which is a rather complicated
model that takes into account the many possibilities of tiffedint nucleotide states in all three
ATP binding sites. The mechanism of motion in such model, no matter how complex, is the
directional bias induced by the chemical reactions as described in Sect. 2.5.1, which is referred
to as the chemical ratchet [11, 27, 70]. A model considering the ATP synthetic rotation of F

1There is however, an interesting report [67] thatrghaft is not required for the ATP hydrolysis reaction, and
theaB subunits move in a similar manner as it rotatesytlshaft, even without the shaft. Nevertheless, the rate of
“rotation” in such setup was found to be significantly lower than the usual setup withshaft.
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induced by i was also proposed in [71].

3.2 Aim of research

Given that the basic features behind the motion oh&ve been elucidated, the next goal is
to understand and describe the design principle of this reversible motor as precisely as possible.
Indeed, data obtained by experiments have gone further beyond the simple toy modeling. At the
time of the proposal of the initial models [69], the detailed properties such as the chemical reac-
tions considering substeps [64, 65], rotational velocity modulation with respect to the external
torque [63], or the precise shape of theetive potential [12] were all unknown.

Although the heat dissipative feature in the rotational motion was first estimated by assuming
linear relation for the dissipation [15], it was not until recently [16] that the nonlinear component
and its precise dependence on physical parameters was quantified. The striking result reported
in [16] was that, in the absence of external load, the chemical energy consumptipis oh&de
almost 100% through the rotational motion, irrespective of the value of the velocity of rotation
Au . As we shall explain, the heat measured in this experiment was the Langevin heat, which
corresponds to the heat dissipation through the Brownian motion of the Qgadn(Fig. 3.2).

The outcome in experiment is that the internal dissipat@p (n Fig. 3.2), which is the energy
transfer between the motor and the thermal bath (water) during the chemical reaction occurring
in the aB subunits, is very close to zero.

Fig 3.2: Summary of the energy income and outflow afiff the ATP hydrolysis rotation in the absence
of external load. Free energy of the chemical fNglis dissipated through the rotary motion of thehaft
(Qext), or through theyB complex where the reactions take pla@g().

This highly suggestive result provokes us to consider the hidden rules that govern molecular
motors. In fact, the established theories in stochastic thermodynamics, for instance the fluctuation
theorem [4, 5, 30] and the Second Law (Sect. 2.3), can only explain the positivity of the total
irreversible entropy production, which in this case, is the tridjal> 0. This means that in the
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general theory of Markov processes, there are no restrictions which rule the individual values of
Qext and Qint-

Motivated by this situation, we here reconsider the features; aitkhe level of the phe-
nomenological model, where only the rotary degree of freedom of s8teft and the nucleotide
state of thexB subunits are taken into account. We focus on the interesting fact that the chemical
reactions, which are the main source of the rotational motion, are itself controlled by the rotary
position of they shaft [72, 73]. Such correlation between the apparently far apart domain in pro-
tein complexes is a feature known as allosterism [74]. The amount of intexteahal dissipation
in a model may be manipulated by setting various typesargular dependence of the chemical
reactions. Specifically, we introduce the totally asymmetric allosteric model (TASAM, Fig. 3.3)
in order to explain the internal dissipation-free nature pf F

The key assumption in our model is that the ATP binding to the motor, which is the limiting
slow process, is allowed with equal probability over hghaft angle. The motor thus passively
waits and lets the ATP to bind freely, and decides whether or not to release this ATP depending on
the angle of thes shaft. As we shall see (Fig. 3.9), numerical results in our model show remark-
able consistency with experiment in terms of the heat dissipative feature. We identify the crucial
role of two time scales in the TASAM, which explains the universal mechanism in the model to
produce the internal dissipation-free feature. Moreover, we analyze the nucleotide concentration
dependence on the torque-velocity relation (Fig. 3.14), and find that a certain asymmetric pattern
observed in experiment is also reproduced by the TASAM.

ADP

Forward reaction: Backward reaction:
low y-shaft angular dependence high angular dependence

Fig 3.3: Schematic of the totally asymmetric allosteric model. When the motor is waiting for the ATP to
bind (left), the binding site is free from the control by thehaft rotary angle. Conversely, once the ATP

is bound to the motor and the ADP release has proceeded (right)ffithiéyaof the binding sites to the
nucleotides strictly depends on thehaft angle.
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3.3 Phenomenological model description of

3.3.1 Chemical coupling model and high fiiciency

Let us first consider the coarse-grained description of the motion, aftiere we only focus
on the discrete steps of 120We model the switching of the discrete variabidby a Markov
process with the transition probabiliti®s At andR" At (transition rate®R" andR™), correspond-
ing to the motion in the forward and backward directions, respectively (see Fig. 3.4). Here,
m = 0,+1, +2, ... may be thought of as the angular position of hehaft in the units of 120
or the number of ATP consumed through the rotary motion. Note that the transition probabilities
are assumed to be independentdbecause of the translational symmetry g@fifrthe rotational
direction. Considering that the forward (backward) step is coupled to the hydrolysis (synthesis)
of ATP, the ratio between the transition rates should satisfy

R* [A,u—FL]. (3-3-1)

— =exp T

R
Here,F is the externally applied torque (corresponding-tigy in Sect. 2-5-1) and. is the size

of the step, which is 120n the case of E Equation (3-3-1) can be viewed as the local detailed
balance of this simple system [cf., Eq. (2-3-4)], where the log of the right hand side corresponds
to the dissipation per step in thedirection, since~L is the work done by the motor against the
external torque.

ADP
+Pj ATP ,
ATP \) ADP+Pi
F i~
<
L9 |
m-2 m-T m m+1m+2
T

Fig 3.4: Coarse-grained stochastic model of the dynamics,oach step inm corresponds to the 120
steps of they subunit, which is accompanied by the hydrolysis of ARP-6 m+ 1) or the synthesis of
(m—- m-1).

For Eqg. (3-3-1) to be satisfied, there are several conditions to be met from the point of view of
real bio-molecules. Firstly, the degree of freedom in the dynamics mudtduieely captured
by the single variablem. Since k is a complex molecule with many degrees of freedom in
principle, it is nontrivial that applying torque on the probe bead will ideaffg the dynamics
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following such simple local detail balance law. Secondly, it must be that each stepping motion
is accompanied by the chemical reaction of exactly one molecule of ATP. For instance, when
torque is applied to the backward direction (ife.> 0), it is possible that the motor may make

a backward step without synthesizing an ATP, which may be thought of asalsliguch case,

the bias by the chemical potential will be smaller than &xgksT], which will lead to a smaller

stall torque than the ideal value,

A
P = 7 (3-3-2)

Although the experiments verifying the in vitro ATP synthesis [62] provided indirect evidence
that these two conditions were satisfied feyiIFcame to a surprise when Eq. (3-3-1) was verified
guantitatively using the rotary electric field [63]. Indeed, the stall torque only depended on the
value ofAu following Eg. (3-3-2), and not on the absolute values of [ATP], [ADP], and [Pi] under
the condition that [ATP][HO]/[ADP][Pi] was fixed [cf., Eq. (2-1-6)].

Such outstanding feature of Rhat the transition of the switching is perfectly coupled to
the chemical reaction of ATP, is referred to as the tight-coupling. This remarkable character
indicates that the thermodynamiffieiency is maximized for such chemical coupling dependent
motor; when stall force is applied, the motor conducts work against the load with 1ffic%érecy
with the rotational speed 0 Hz, corresponding to the quasi-static operation of a thermodynamic
system.

3.3.2 Brownian motion

Knowing that the property of the stepwise motion afi& well-characterized by the ideal
transition rates satisfying Eq. (3-3-1), we next focus on the Brownian motion of the probe bead,
with the motivation to consider the significance of the experimental results presented in [16].

The overdamped Brownian motion of the probe is characterized by the mechanical (yet ef-
fective) potentialdJ,(x), which trap the rotational degree of freedomf the probe attached to
the tip of they subunit. Each potential is created by the interaction between tubunit and
theap subunits [12, 76], and the joint between theubunit and the probe bead [77]. Due to the
translational symmetry of the motor (Fig. 3.2), the potentials are assumed to be translationally
identicalUp(X) = Ug(x — mL).

Although the detailed version of the model should take into account the substeps (Fig. 3.8),
the hydrolysis dwell potentials can bé&exctively included inU,(x), since the substeps corre-
sponding to the hydrolysisynthesis reactior releasingbinding of Pi is fast [64]. Thus, our
model with the &ective potentialdJ(X) has the ATP binding followed by ADP release as the
rate-limiting step (Fig. 3.6). By assuming that the ATP binding dwell and the hydrolysis dwell
potentials are harmonic with the same spring constinighich has been observed in experi-

2In the case of conventional kinesin, which will be described in the next chapter, the motor was found to hydrolyze
ATP even in the event of backward stepping [75].
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Fig 3.5: Estimate of the ective potentiallJo(X) (red line). Two data of theftective potential obtained in
experiment [12] (green asterisks and pinc crosses) are plotted. The functional form obtained in Eq. (3-3-3)
was used to fit Data 1, where we obtaired 0.0061 deg? andAu = 5.2kgT.

ment [72], the form ofJy(X) is estimated as arflective potential,
Uo(X) = kg T {%kxz —log [e—k'x + ezﬂ/keﬂk'zfz]} . (3-3-3)

Here,|l = 40 is the angle of the substep, aﬁgd is the free energy étierence between the ATP
hydrolysis dwell state and the binding dwell state. By fitting the data in [12] as shown in Fig. 3.5,
we obtainedk = 0.0061 deg? andAu = 5.2kgT, which are in good agreement with previous
independent observations [64, 72, 77]. Derivatiotgfx) is given in the next subsection.

The angular position of the probe beadundergoes an overdamped Brownian motion inside
each &ective potential:

I'x = —%Um(x) - F + 2I'ksT&, (3-3-4)

whereé; is the Gaussian white noise with unit variangds the applied external torque as intro-
duced in Eq. (3-3-1) is the friction codficient determined by the size of the probe bead, Bnd
is the temperature of the water (i.e., the heat bath).

The potentials are switched according to chemical-reaction induced Poissonian transitions
(Fig. 3.7). The switching between théective potentials are governed by the switching rates
denoted byR! (X) andR(x), for the forward directionrh — m+ 1) corresponding to the ATP
binding + ADP release reaction, and the backward-6 m— 1) direction corresponding to the
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80°substep 40°substep 120°step
ATP binding Pi release ATP binding
+ ADP release + ATP hydrolysis + ADP release
—_— »
<+ 4— <+—
ADP binding ATP synthesis ADP binding
+ ATP release + Pi binding + ATP release ~

Fast 40°substep

-120° -40° 0° -120°

X

Fig 3.6: Left: Mechanical potentials and chemical reactions corresponding to the substeps. Right: In the
limit of the fast 40 substep, the two potential&ly(X) and Up(X), corresponding to the ATP hydrolysis
dwell and the ATP binding dwell, respectively, will be merged into ofiective potentiallUp(x). When

Un(x) andU(X) are assumed to be harmonic with the same spring constant (as observed i0{{2])s

given by Eq. (3-3-3) (see also Fig. 3.5).

ADP binding+ ATP release, respectively. The switching rate functions depend on the angular po-
sition x, which reflect the allosteric mechanism. We assifex) = R;(x — mL). The switching
rate functions satisfy the local detailed balance condition (Fig. 3.7)

0 = exp o 1Un) = Urn) + . (3-35)
Note that we have incorporated the tight coupling condition explained in the previous section,
thus the stall torque for this modelkgy = Au/L.

The schematic of the two-dimensional process (concemiagdm) is described in Fig. 3.8.
Let us here note on the requirement to introduce our potential switching model. Although it
has been clarified that the discrete position of the gamma subun8((0120C...) is coupled
strongly to the nucleotide state and conformation of the alpha-beta subunits [59, 76, 64], what is
happening in between these discrete angles is a question with yet no concrete answer. In fact, it
has been clarified in [72, 73] that the chemical reactions do not necessarily occur precisely at a
certain angle of the shaft, meaning that the timing of chemical reaction is indeed a stochastic
phenomena with respect to the angular position. Furthermore, it was shown in [12] that there exist
separate potentials corresponding to the discrete positions with a certain extent of overlap. This
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Fig 3.7: Potential switching model and schematic of the heat dissipation for the hydrolysis-driven rotation
of F1 in the absence of applied external torqe=£ 0). The black circle represents the angular position

of the probe bead attached to theubunit. The kinetics ok is described by an overdamped Brownian
motion inside each potential. Potentials are switched according to the angular position dependent rates

Rn(X).

is consistent with the fact that the relation introduced in Eq. (2-6-18) was not satisfied in the F
dynamics (S. Toyabe, private communication, 2012), meaning that the model with dfeitieve
potentials merged together (tilted periodic potential setup) fails to describe this molecular motor.
Taking these facts together, it is required to adopt our model depicted in Fig. 3.7 to reproduce the
experimentally observed kinetics and energetics of theétor.

3.3.3 Derivation of dfective potential

The dfective potentialUy(x) is obtained as follows. We first consider that there are two
potentials (Fig. 3.6)Un(X) andUy(X), corresponding to the ATP hydrolysis dwell (centered at
X = —| = —40°) and the ATP binding dwellX = 0). To neglect the slow switching (88tep),
we assume that the probe is contained in either of the potential for the time scale of interest. We
assume that the potential energy is large compared with the thermal dg@yUp(-1) > kgT,
which is the case observed in experiment [72]. Bgix) and Py(X) be the probability density
functions of findingx inside each potentials, and the switching rates framb andb to h defined
asX f,(X) and X f,(X), respectively. HereX is the inverse of the typical time-scale involved in the
ATP hydrolysis and the Pi releasing reaction. The local detailed balance should be satisfied by
fr(X) and fy(X):

09 _

1 -
00 eXp{m[Uh(X) — Up(x) + A.U]} : (3-3-6)
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Fig 3.8: Schematic illustration of the 12Gstep of the I motor. The vertical axis corresponds to the
chemical reactions that take place in th@ subunits: the ATP binding ADP release step (left) and the
ATP hydrolysis+ Pi release step (right). The horizontal axis corresponds to the Brownian motiomof the
shaft, which follows Eq. (3-3-4). One cycle in the figure corresponds to an anticlockwise rotatiorfof 120
with one ATP input and a pair of ADP and Pi output. In the transition from the right top to the left top, the
figure should be rotated 12 the clockwise direction.

The Fokker-Planck equations corresponding to the overdamped Langevin equations with the
potentialsUn(x) andUp(x) read

9 keT 8 [dU.

it Pi(X) T I + Xf;(X) = () — Xfi(X) P(X), (3-3-7)

Pi(Y) + —Pt(X)

wherei andj # i are h or b. By introducing = Xt, % = x/l,, andU;(x) = U;(X)/ksT, we obtain
the normalized equation:
0

a—fpf(fo = e%[dlj)f(x)w() —Pt(x)]+f(x)Pt(x) f,(R)PY(R). (3-3-8)

Here we introduced

kel _ 1 (3-3-9)

€= WI\ZI - T X’
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As we shall see, the typical length scleshould be chosen as thatB(x) := [Un(X) — Up(X) +
Au]/ksT. The important time scale in this analysisis

ri2
ke T
Assuming fast reaction{ — o) corresponds to takingas the small parameter. The following
derivation of the &ective dynamics in the limié — 0 is given through a method called singular
perturbation.

Let us calculaté®(x) in the form,P!(x) = P(x) + ePM(x) + O(e?). We obtain from the 0-th
order equations in Eq. (3-3-8):

(3-3-10)

Ty =

PP(¥) = QP (%), (3-3-11)
where we defined
1
P = T eeEm] 32
Pi(X) = ! =1- P;(x). (3-3-13)

1+ exp[-E(X)]

It is required to adopt the length scale®fx) asl, in Eq. (3-3-8), since this is the length scale
which characterizeB; , (X).

The solvability condltlon for the 1st order equations in Eg. (3-3-8), which is obtained by
taking the sum oveirin both hand sides, determines the dynamicQ'¢k):

t _ dU()t \s _2_
0900 = fa—X;b.() Q) + kT (9|, (3-3-14)

which is equivalent to the one-dimensional overdamped Langevin equation withféotive
force

dUo(X) -3 P )dU (%) (3-3-15)

i=h,b

where the #ective potential is obtained by

Us(¥) ::f dx ) Pi(x )dU(X), (3-3-16)

i=h,b

with an arbitrary fixed constart The schematic explaining théfective potential is given in
Fig. 3.6

Assuming that the two potentiald,(x) andUy(X) are harmonic with the same spring con-
stantsUp(X) = Un(X+1) = kx%/2 x ks T [72], we have

Uo(X) = f dx Kx ; Kx=1) }3-3-17)
c 1+ exp[-kix — Au/ksT —KkI?/2] 1+ explkix+ Au/ksT + KkI?/2]
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which may be calculated as Eg. (3-3-3) by neglecting the constant.

We find, from the obtained parameters through fitting (Fig. 3.5), that the valug iefof
order< 1 msec in the case of the giverfifdision constant of the probe in the experiment. This is
consistent with the fast substep (ATP hydrolysis step) characteriz&d Wwhich is known to be
difficult to observe with the frame rate lower than 1000°Hz.

3.3.4 Steady-state and parameters in numerical analyses

In the following sections, we will show numerical results obtained for the steady-state of the
described model, Eq. (3-3-4), under the various conditions. In practice, we utilize the transla-
tional symmetry to merge theftierent states corresponding téfdrentm’s into one (n = 0), and
consider the steady-state condition:

0 ke T O }

Ix {[U(’)(X) + F] Psy(X) + Ta—xpst(x)

+Ry (X + L)Psi(X + L) + Ry (X = L)Psi(x — L) = [R5(X) + Ry (X)]Psi(X) = 0.(3-3-18)

Here we denoted the steady-state densitfPax) o« Ps(x,m = 0) and used the translational
symmetryPg(x, m) = Pg(X — mL) andR(x) = R5(x — mL). We set the normalization condition
asf_":o dxPs(x) = 1 for later convenience. By discretizing in space and taking the system size
suficiently larger thari, Eq. (3-3-18) may be solved as a problem of linear algebra.

For the parameters in the numerical analysis, we used fhesidin constankgT/yL? = 3.3
sec?! which was noted in [12]. The chemical free energly was set as 18.BT in Figs. 3.9,
3.14, 28kgT in Fig. 3.10 and 16.%gT in Fig. 3.12, corresponding to thefiiirent experiments
([26], [79], and [12]).

3.4 Measured heat in the model of F

In the stochastic dynamics of our model described by Eq. (3-3-4), there are two paths for
the motor to exchange energy with the surrounding water (Fig. 3.2). One is through the change
of rotational position, which corresponds to the external dissipation, since this energy flows out
from they shaft. The other is through the change of mechanical potential, which is the internal
dissipation corresponding to the energy used to change the conformatign of

Corresponding to the framework introduced in Sect. 2.5, we may characterize these quantities
by introducing

A(X) = Ps(X)Ry(X) — Psi(x — L)Ry(x - L), (3-4-1)

3Recently, however, it was claimed that the substep is observable even for such relatively large probe, depending
on the quality of the motor [78]. If thefkective potential picture should be modified and the substep should be
explicitly taken into account in the model, it may cause additional internal dissipation, although in experiment it is
not observed. It shall be interesting to measure the dissipative featugeirottie presence of large concentration
of ATPyS, which makes the rate limiting step to be the ATP hydrolysis step instead of the ATP binding. Such
experiment will enable us to access to the informatiof,f) and f,(x) (which in fact, has been estimated though a
different method in [72]).
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which is the steady-state switching rate that characterizes the switching position. The first term
in the right-hand side corresponds to the probability density of the position at which the forward

switching fn - m+1) occurs, and the second term corresponds to that of the backward switching

(m+ 1 — m). By integratingAx, we obtain the net transport rate from potential O to 1,

Vi= %I: dxA(X), (3-4-2)

which is equivalent to the steady-state rotational veldtifihe factor three is due to the three
steps of 120corresponding to one rotation.

The heat dissipation®;,; and Qe in the model are defined as the steady-state average of
the internal and external heat dissipation per°1g@p, respectively (Fig. 3.7Qi, the energy
dissipation accompanying the switchingrofis calculated by

Q= 5 [ XAMUn() — Us() + 4] (3-4-3)
Notice that the terntJo(X) — U1(X) + Au corresponds to the total energy shifthat exchange
with the thermal bath and chemical bath) upon the potential switamirg0 — 1 at position
X, which appears inside the exponential in the local detailed balance equation (3Qsk)the
dissipation through the spatial motionxfis the diference between the total dissipation and the
internal one:

Qext = |Au—FL| - Qint. (3'4'4)

Here,FL is the work performed by the motor against the external torque per forward step, and
thereforelAu — FL| corresponds to the total dissipation per step [cf., Eqg. (3-3-1)]. We take the
absolute value since the average stepping direction changes its ign=adu.

In terms of Sect. 2.5.1, we may wri@,; = Au — (W)g/3vst andQext = (Q)st/3Vs. Therefore,
it is possible to quantiffQey: by measuring the extent of the violation of the fluctuation response
relation, as explained in Sect. 2.6. Results from the experiment conducted by Toyabe et al.
[16] for the R motor is shown as cross-points in Figs. 3.9 and 3.10. Remarkably, the external
dissipation was very close i in the absence of external torque for all the conditionsoénd
rotational velocity (controlled by changing [ATP] and [ADP] with fixeg:). This means that
Qint Is very small, irrespective of the velocity of the rotational motion (horizontal axis in figures).
We shall explain what this means from the standpoint of model analysis in the following sections.

3.5 Fast chemical reaction

First, we consider the case where [ATP] and [ADP] are set high under a fixed ratio [AXH|[H
[ADP][Pi]. We show in the model that the steady-state rotationvamonverges to a finite max-
imum velocityvnax, and the external dissipatidpey; converges ta\u.

4We abbreviate the steady-state velogifyasv in this chapter.
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Fig 3.9: Steady-state rotational velocityversus the external heat dissipation per g in the case of

Au = 183kgT. The red line is the case of the TASAM & 0), and the other lines correspond to various

g # 0 models introduced by Eg. 3-6-1. Experimental data were obtained from [16] (errorbars: standard
error of mean). The black circle indicates the high ATP concentration limit.

To see this, let us writ&:(x) = W {3(x). Here,W is the rate characterizing the chemical
reaction, and ;" (x) are dimension-less functions which do not explicitly depend on [ATP], [ADP],
or [Pi] but only depend on the ratio [ATP]g@]/[ADP][Pi] throughAu. Note that the nucleotide
concentration condition set by [ATP] and [ADP] may be described using the two paranvéters,
andAu.

Under a fixed\y, the high [ATP] and [ADP] situation is represented by la¥geln our model
which consists of potentiald,(X) and switching rate&;(x), the high ATP concentration limit
can be treated in a similar method used to obtain ffextve potentials in Sect. 3.3.3.

We consider the limitWz, > 1, wherer, is defined by Eq. (3-3-10), used in the definition
of 7, is the length scale olJm(X) — Un1(X) + Au]/keT. The dynamics in the limit is described

by
I'x=F(X)+ V2IksgTé&,. (3-5-1)
The dtective forceF(X) is given by

d Um(X)

F() = Z Pr(®) (3-5-2)
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Fig 3.10: Steady-state rotational velocityversus the external heat dissipation per $Pgp in the non-
harmonic potential model [using Eq. (3-3-3) fdg(X)] and the harmonic potential model, in the case of

Au = 28kgT. The experimental result was obtained from [16] (error bar: standard error of mean). In this
largeAu setup, the intersection point becomgs< 0 in the non-harmonic and harmonic potentials, which

is beyond our analytical understanding presented in the Appendix. Nevertheless, the numerical result for
g = 0 shows consistent value with the experiment.

with P;.(x) defined similarly to the previous case as

exp{—[Um(X) — nAu]/keT}
Zim—oo EXP{=[Um(X) — MAu] /kg T}

Pr(X) = (3-5-3)

The force in Eg. (3-5-2) corresponds to a tilted periodic potential, where the endigsedce
per 120 step isAu (Fig. 3.11, bottom). Since this energyfigrence is dissipated through the
rotational motion of the probe, we immediately find

120°
Qext = — j; F(x)dx = Apu. (3-5-4)

This result indicates that whe#v is suficiently large, the dynamics becomes independent of
the form of f7(x), and the switching of mechanical potentials becomes too fast to be observed
as distinct steps. Thewpa, Which is the steady-state velocity fiv — oo under fixedAg,
is equivalent to the steady-state velocity for the one-dimensional tilted periodic potential setup
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Fig 3.11: Effective potential in the high ATP concentration limit. Since the switching dynamics is fast, the
independent potentials become invisible, and the dynamics follows the tilted periodic potential description,
irrespective of the form oR (). In this limit, the external dissipatioQex: becomes equal tau.

concerning the forc&(x)°. Velocity saturation at high ATP concentration (see also Fig. 3.20 for
the harmonic potential model) is a well-known property in molecular motors, which has been
phenomenologically understood through the Michaelis-Menten curve [1].

What is happening in this limit is that the potential switching dynamics becomes too fast that
the switching governed biR*(x) and R (X) puts the dynamics afn in equilibrium, under the
condition of fixedx. This means that the energy dissipation accounting fortheonformation
change is balanced and becomes z&gq,= 0, which is consistent with Eq. (3-5-4), as presented
in the right end of Fig. 3.9 in both experiment and numerical analysis with various switching rate
functions.

We note that the time scatg = I'l2/kgT which should be compared witW-! to discuss
whether the chemical reactions are fast enough for such limit, is in fact much smaller than the

5In order to use Eqg. (2-2-8), we decompose tiffiective force as=(x) = —Au/L — U.:(X) using a periodic
potentialUggz(X)
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time scale of equilibration inside the potentiélg(x), which we denote as,. This diference in
the time scale is critical in the internal dissipation-free feature of TASAM, as will be discussed
in Sect. 3.6.2.

3.6 Asymmetric model

The torque-free experiment [16] shows that even when [ATP] is low enougt ang,.y, the
external dissipatio®ey: is still close toAu (Fig. 3.9, crosses). Although we have shown that the
feature wher&e,: ~ Au is achieved for any switching rate function wher vn,.y, the external
dissipation has a strong dependence on the functional forfgj(@) in the low velocity regime,
since the value 0§, (and consequentlyQ.y) is determined by the typical positionat which
the switching occurs (Fig. 3.7 top). The experimental observation is striking, since the individual
functional forms off;(x) are arbitrary as long as the detailed balance condition Eq. 3-3-5 is
satisfied; there is no general reason@; to become close tau in the low velocity regime.

3.6.1 Introducing asymmetry through switching rate functions

To see the significance of the experimental result for lower velocities, and introduce the totally
asymmetric model, we parameterize the switching rate functions by introducing a pargmeter
O0<qg<l):

(%) = exp{% [Un(3) = Unia() + Au]},
a-1

ke T

This g determines the asymmetry in tlxedependence of the forward and backward switching
rates, while respecting the detailed balance condition, Eg. (3-3-5). The totally asymmetric al-
losteric model (TASAM) is the case where the switching rate in the forward direction (ATP
binding rate) has no dependence on+langle, and therefore, correspondsgjte 0. The case of

g = 1 corresponds to another type of totally asymmetric model that is opposite to the TASAM,
where the ATP binding event is strictly controlled by th@ngle, whereas the reverse reaction
(ADP binding) is instead independent of the angle. In this mam@escribes the asymmetry in

the extent of coordination between the angle stibunit and the ATP binding site.

Fig. 3.9 shows the numerically obtained relation betweamd Q. for variousqg's. The
TASAM produces the internal dissipation-free featu@,( ~ Au), which indeed has low de-
pendence on the rotational velocity in the broad range tested in the experiment (Fig. 3.9, red).
This feature of the model is preserved for the laryercase (Fig. 3.10). Note that under a fixed
functional form ofU,(X), the maximum velocity.x does not depend og which is why we
may compareey: between various models for the sam@a. Although all models produce

ext = Ap for v = vy (black circle), the values oey for the cases off > 0.1 deviate from
Au significantly at lowew. Thus, we propose that the internal dissipation-free motor is obtained

(3-6-1)

a9 = e S 1Un00 - U + 2}
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only by assuming low coordinatiom (~ 0) in the ATP free state and high coordination in the
ATP bound state.

3.6.2 Bare switching rate and switching position density

As seen in Eq. (3-4-3), the value @ is determined by the typical switching position.

We compareA(x) for the various models in the low velocity regime in Fig. 3.12. Although the
steady-state distribution of theangle Ps(X)] has a peak at the potential minimum point in this
low velocity regime (Fig. 3.12B, black dotted line), the peakAg{x) in theq = 0 model is
positioned close to the point= x. whereU;(x.) — Ug(X.) — Au = 0, which we shall refer to as
the potential intersection point.

The mechanism which produces this behavior is that, although the ATPs most likely approach
the motor when the angle is around the potential minimum point, the bound ATP is almost
always kicked out instantaneously, due to the large enef§grence required to switch the po-
tential at such pointd)1(X) — Un(X) — Au > kgT (Fig. 3.12). The switching would inevitably
occur at positions close tq., resulting in low energy dissipation in the potential switching (low
Qint)- A(X) of the TASAM (Fig. 3.12) agrees with the estimated distribution presented in [12]
whereas theg = 0.5 and 1 cases (schematic shown in Fig. 3.13) have peaks clearly shifted more
toward the forward direction than the intersection point.

On theoretical grounds, the low velocity dependenc®gf could be understood through
the existence of two time scales, andt,. As we have seen in Sect. 34, is the small time
scale which determines the rotational velocity saturation and the single tilted potential descrip-
tion (Fig. 3.11). In contrasts, is the time scale of the angular position to relax inside a single
potential, which is relatively large. There is a separation of order betweandry; if we sub-
stitute the @ective potential with a harmonic potenti&lg(X) = Kx?/2, then the separation can
be explicitly obtained as,/7, = U(L)/ksT, which is the order of 16 100 [cf. Eq. (3-9-4)].

We have numerically verified that in tlee= 0 model, it ist, that determines the minimal
value of W which the model presents the internal dissipation-free feature. The large separation
between the values af, andr, causes the experimentally accessible region of the valW of
(corresponding to the ATP concentration) to fit inside the inequay’cy< W < 731, and the
internal dissipation-free feature is observed at all velocity conditions as a consequence. In more
practical words, our theory shows that when the actual motor adopts the TASAM ~ Au
holds if [ATP] is as large as 0,4M for the 0.3um probe bead case [16, 79]. Since the velocity
saturation occurs at [ATRP} 5 uM under this condition [64], this lower bound concentration to
observeQey ~ Au is significantly small.

3.7 Asymmetry in macroscopic features

Up to here, we have claimed that the TASAM draws consistent result withthe tErms
of the external heat dissipation. We next consider how other features of the TASAM appear in
measurable quantities.
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Fig 3.12: Switching position distribution of the TASAM in the caseAf = 16.5kgT. (Top) Distribution

of the switching angular position at the slow rotation rate condition. Numerically obtained switching
position distribution in theg = 0 (red), 0.5 (pink), and 1 (light blue) models, compared for the same
rotational ratev = 2 Hz (low velocity). The vertical axis is arbitrarily scaled. Although the steady-
state distribution of the = 0 model (black dotted line) has a peak at the minimum point)gtx),

the switching position density clearly has a peak around the intersection point, which is consistent with
experiment [12]. (Bottom) Mechanism behind the internal dissipation-free feature of the TASAM. The
potential switching may occur at any angle in the TASAM (brown arrows), while the backward switching
of the potential follows instantaneously if the energy required for the forward switching was too large
(blue arrows). Suppression of switching at high enerdgiedince positions lets the switching to occur
only around the potential intersection point, leading to@g ~ O feature.
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Shared y-shaft angular dependence
among forward and backward reactions

Forward reaction: Backward reaction:
high y-shaft angular dependence low angular dependence

Fig 3.13: Schematic of theg) = 0.5 andq = 1 models. In they = 0.5 model, the coordination between

they shaft and the nucleotide binding sites are equally present in the forward and backward reactions. On
the other hand, the shaft and the nucleotide binding sites are only coordinated in the forward step in the

g = 1 model, which is completely opposite to the case ef 0 model (Fig. 3.3). As shown in Fig. 3.9,

3.10, 3.12, and 3.14, these models fail to reproduce the internal dissipation-free and asymmetric velocity
feature of k.

3.7.1 Torque dependence of rotational velocity

We first consider how the rotational velocity depends on applied external torque in mod-
els with variousq (Fig. 3.14). For the sake of schematic explanation, let us consider that the
mechanical potentials are harmonigy(x) = K(x/L)?/2 (Fig. 3.16, top). Then, the potential
switching model would be symmetric about the change of parameters and coordinqt®)

(2Au/L — F,1 - q,—X). It follows from this symmetric property that in the casegof 0.5 (sym-

metric model, Fig. 3.16, middle), the torque dependence of the steady-state rotational velocity,
v(F), would show an anti-symmetric curve with respect tofhe Au/L line. Indeed, this prop-

erty is observed even when we assume the non-harmonic and realistic fafgixpfas shown
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Fig 3.14: External torque dependence of the rotational velocity in the TASAM (numerical, solid lines)
and the corresponding values obtained from experiment (lines and points, kindly provided by S. Toyabe,
[63]) in the case oAu = 183kgT. Velocity is normalized using its value Bt= 0, which is shown as the

title of each lines. The = 0.32 1.9,7.1, and 12 Hz cases correspondito= 1.7,15,120 and 1000 seé

in the model, respectively, with the other parameters fixed.

in Fig. 3.15. On the contrary, in the TASAM & 0, Fig. 3.16, bottom), this feature is lost espe-
cially at low W, and the torque dependence of the velocity becomes sharpes alu/L than at

F < Au/L [v(0) = 0.32 1.9,7.1 Hz lines in Fig. 3.14]. Remarkably, this feature of the TASAM
matches with the experimental observation [63] (line points in Fig. 3.14).

Both in experimental and numerical data shown in Fig. 3.14, the asymmetry seems to become
explosively large for lowV for the TASAM. In fact, we may calculate the extent of asymmetry in
the limit W <« 751 by assuming harmonic potential. The switching position density in this limit
can be calculated by the approximation of the steady-state density as the equilibrium density

1
Psi(X) = Peg(X) = = exp [-(Uo(X) + FX)/ke T] . (3-7-1)
Using Eg. (3-4-2), the external torque dependence of steady-state velocity can be obtained as

V(F) o exp[-qFL/keT]{1-exp[(FL - Au)/keT]}. (3-7-2)

Thus, the dependence of the asymmetrygas very sharp, and in the case @t 0, the asym-
metryv(F)/v(0) amounts to ex@{u/ksT], which is extremely large.
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Fig 3.15: External torque dependence of the rotational velocity irgqthe0.5 (left) and 1.0 (right) models,
plotted with the experimental data [63] (kindly provided by S. Toyabe). For each numericaMingas
chosen and fixed in order to reproduce the valueg@fof the corresponding experimental data.

3.7.2 Alternative model: intersection switching

For comparison with the TASAM, let us consider the intersection switching model. Instead
of the form we introduced in Eq. 3-6-1, we here define the switching rate functions to have a
sharp peak at the position of the potential intersection point. In such model, the peak position
of A(X), which is confined around the intersection point, would be independeW, @nd the
velocity independent feature Qi ~ O would be trivially obtained. We set

v )2
09 exp- 2 1 U - Uit + .

. (3-7-3)
fr(x) = exp{—(xg(,x;) + qu‘Tl [Uo(¥) = U1(x) +Au]}-

Here, X is the intersection point between the two potentials introduced in Sect. 3.6.2, iarad
parameter which controls the typical width of the window of the angle at which the switching is
allowed.

If o is suficiently small, this model would become internal dissipation-free for a wide range
of W, which seems to be consistent with the experimental data on the external dissipation. This
is because the switching of the mechanical potential only occurs at angles satigfyi{g) —

Umn(X) — Au ~ 0 in this model. However, if- is too small, the torque dependence of the velocity
becomes anti-symmetric with respect to the- Au/L line for all g even at smalW (Fig. 3.17,
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Fig 3.16: Property of the potential switching model under application of external force. (Top) Schematic
of the torquer dependence of the potential switching model. When the mechanical potential is harmonic,
the model becomes symmetrical about the chamigg,&) — (2Au/L — F,1 - g,—X). (Middle) ATP
hydrolysis and synthetic rotation in a model wiil= 0.5. The absolute velocity and the balance between
the internglexternal dissipations become equivalent in the two cdses, f and 2u/L — f. (Bottom)
TASAM, especially at the low nucleotide concentration condition. In contrast to the symmetric model
(middle), the absolute velocity and the value of internal dissipation &iexeint in the- = f and 2u/L—f

cases.
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left), which is inconsistent with the experimental observations. Wihda suficiently large
(Fig. 3.17, right), the torque-velocity curve would dependypwhich shows that adopting= 0
is critical even in the intersection switching model to reproduce the featurg of F
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Fig 3.17: External torque dependence of the rotational velocity for the intersection switching model [see
Eqg. (3-7-3)]. Whenr is small and the switching is only allowed in a narrow range around the potential
intersection point (left), the torque-velocity curve becomes anti-symmetric with respect kd_theAu

line. Wheno is set larger (right), thg-dependence appears. For each numerical IWesas chosen and
fixed in order to reproduce the valueswd) = 0.32Hz.

3.7.3 Heat dissipation in the ATP synthetic rotation

We predict that similar dierence between the torque-free and torque-applied cases would be
observed in the internal dissipation, if the TASAM is adopted in thenBtor. In fact, Fig. 3.18
shows that the internal dissipation-free nature of the TASAM is lost, especially when large torque
F > Au/L is applied in the model. The low torque dependenc®gfat high nucleotide con-
centration has recently been measured and reported [79], which is consistent with the case of
v(0) = 12 Hz in Fig. 3.18. The validity of our model can be checked by further meas@ing
in the low nucleotide concentration condition, which arew@® = 0.32 1.9 and 7.1 Hz cases in
Fig. 3.18.

The character of the torque dependence of TASAM could be understood through the property
of the potential switching model discussed above. The dynamics of the TASAM at the presence
of large applied torque, for instan€e= 2Au/L, becomes equivalent to that of te= 1 model
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Fig 3.18: (B) External torque dependence of the internal dissipa@iann the TASAM. At low nucleotide
conditions (smallW), Qi significantly deviates from zero at the presence of large torque.

with F = O with opposite velocity. As we have seen, the internal dissipation is large on-the

case, which explains why we observe large internal dissipation in the presence of torque in the
TASAM at low W. In this sense, adopting the TASAM in the forward step mechanism (ATP
hydrolysis) is equivalent to adopting tije= 1 model in the backward step (ATP synthesis, see
Fig. 3.9). The absolute velocity at low nucleotide condition becomes fagtesd2Au/L than at

F = 0 in the TASAM (Fig. 3.14), which is suggestive since thed-forced to rotate in the ATP
hydrolysis direction in biological conditions. It shall be interesting to quantify how asymmetric
the thermodynamic quantities and force-velocity relations are in other molecular motors.

3.8 Comparing with other experiments

One way to verify our model is to directly measure the switching rate functions inithe F
experiments. Recently, two groups have reported the angular position dependence of chemical
reaction rates in the;Amotor. ko et al. [80] indirectly estimated the angular dependence of the
ATP binding rate, which we refer to &§'°(x). This was done by comparing the forced rotation
speed dependence of the ATP consumption rate with model simulations. Watanabe et al. [72]
tweezed the magnetic probe bead at a defined angle with respect to the ATP binding dwell, and
measured the probability of the forward and backward stepping as a function of the angle and
the tweezing time, from whick'"(x) and alsok/"(x) was estimated. Adachi et al. [73] used
nucleotides with fluorescent dyes to directly observe the binding events during the forced rotation
of the probe bead. This also led to the estimation of the various rates inckfgii{g).

To compare our proposal with these experiments, let us consider again the harmonic potential
model, Ug(X) = K(x/L)?/2, with K = 50ksT. This value ofK was determined to match the
steady-state velocity of the model with experiment (see Appendix). Note that in this model, the
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angular position dependence of the forward switching rate has a simple form,

R(X) o< exp

gKLx
F] , (3-8-1)
By assuming that thk/[”(x) measured in the above reports correspond to the forward switching
rate in our modelR* (x), we obtaingq = 0.07 ~ 0.12 for [80], [72], and [73], respectively. These
values are consistent with our model, suggestingdfstiould be close to zero in order to explain
the internal dissipation-free and asymmetric velocity features of tmedtor.

We predict that if the direct measuremen®Rjf(x) is possible, one should find a large depen-
dence on the angle, since~0g < 1 - q ~ 1. Note thatR_(x) corresponds to the combination of
the ADP binding and ATP release reaction, thus it edent fromk’1"(x) obtained for example
in [72] and [73]. In [73], there is data presented kPP (x) which does not seem to have the
expected large dependencexmlthough it is dfficult to give conclusion since the experiment is
conducted in the ultra-low nucleotide condition.

3.9 Remarks and conclusion

In summary, we showed in this chapter that the Brownian motiswitching scheme intro-
duced to model Fis internal dissipation-free, but only when the chemical fuel concentration is
high enough for the motor to reach maximum velocity. The TASAM was introduced in order to
explain the internal dissipation-less feature g&Fthe small velocity condition. We showed the
consistency of the model with the experimentally observed feature in rotational velocity and the
angular dependent chemical reactions, and further discussed on the possibility of large internal
dissipation in the ATP synthetic rotation to be observed in future experiments.

Our stochastic model is based on confirmed properties ,ofik€h as the discrete steps [76,
64], mechanical potentials [12], and large stall force [63] with all the real parameters. However,
we did not refer to the microscopic interactions, for example, at the amino acid residue level,
which is typically required in molecular dynamic simulations. Nevertheless, the key feature of
the R energetics and dynamics seem to be well reproduced by the simple one-dimensional de-
scription. The existence of such consistent description encourages us to consider the fundamental
design principle behind molecular machines, since at this coarse-grained scale, comparison be-
tween diferent bio-motors and blueprints of artificial nanomotors is possible.

The significant picture we obtained through the analysis; a$ Ehe relationship between the
heat dissipative feature and the asymmetric switching rule of the motor. From the viewpoint of
optimization, we are at this point uncertain about whether the internal dissipation-free feature or
the characteristic torque-velocity curve is more important in the design principle dhFone
end, the motor might be desiring to minimize the internal dissipation in the motor rotation even
in the situation of low chemical fuel concentration (I8M), which makes us imagine that was
build as a motor and not an ATP generator in its primitive age of evolution. In the other end,
we may regard the asymmetric torque response curve at low ATP concentration as an important
message, and consider the larger response to ATP generating direction of torque to be the ultimate
goal that i has achieved for its function as afiieient ATP generator.
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Such ambiguous thoughts on the origin of the design principle, oh&y be tested to some
extent by looking at dferent molecular motors. For instance, the V-ATPase, which is another
membrane embedded protein complex which resembles the F-ATPase with respect to its com-
ponents and structures, is known to be functioning as an ion pump in cells. In particular, the
V,-ATPase (or V) is the rotor part of the complex, which is an ATP catalyst. It shall be of great
interest to investigate the heat dissipative feature and the asymmetric torque-response curve for
V1, and compare it with £ depending on which direction of asymmetry appears, if any, we may
be able to assign the design principle gft& its feature as the motor or the generator.
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Appendix: Analysis of the harmonic potential model

We consider in this appendix the simplified harmonic potential dages) = K(x — mL)?/2,
whereL = 120C°. Although this simplified case is still not solvable, we can obtain analytical
understandings to some extent.

In Fig. 3.19, we show the numerical results@,; in this model. Under the condition that the
diffusion codficientD = ks T/I"asD/L? = 3.3sec? [12], and the chemical potential Ag/ks T =
19 [16, 63], the value oK was determined al§L?/kgT = 50 by setting the maximum average
velocity to fit with that obtained in experiment. The characteristic featurg aépendence is
similar to the case of Fig. 3.9, where the potential estimated through experiment was used in the
calculation.

External dissipation Qext/Ap

0.6 |
04 |
Experiment <
02 Numerical ng:? |
0.25 srenrees
05 o
1.0
0 . , . | .
° 0-2 04 0.6 0.8 1

Rotational velocity v/vmax

Fig 3.19: Rotational velocity versus the external heat dissipation per €eg in the harmonic potential
model. Parameters are given in the text. The experimental results were obtained from [16] (error bar:
standard error of mean).

Let us first consider the larg&' limit (high ATP concentration). The length scale of potentials
Un(X) = K(x = mL)?/2 and that ofUy(X) — Une1(X) = FKLx are vkgT/K and ks T/(KL),
respectively. Since the potential energy isisiently largeKL?/kgT > 1, the smallest length
scale in this model is

ke T
ly = —. -9-1
= (3-9-1)
This length defines the time scale [cf. EqQ. (3-3-10)]
_ TkeT

Ty = (KD? (3-9-2)
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which determines the typic&8V (ATP concentration) that allows théective force description of
the model, and consequently the velocity saturation. Let us also define

r
= — 3-9-3
Tp K’ ( )
which corresponds to the time scale of equilibration inside a single potential. Notice that
oKL (3-9-4)
7, kT ’
Significance of the time scalg, is numerically verified through seeing how the velocity
dependence Al in the model changes according to the spring consg€amt Fig. 3.20, we show
the results for the case whekeandAu are parameterized iy (= -1,0,1,2,3,4,5) as

KL?/kgT = 50x 2 (3-9-5)
Au/ksT = 19x 24 (3-9-6)

Clearly, the value ofV at which the velocity saturates is scaled fyy(ec K=2) and not byr,
(e« K71), whend is suficiently large.
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Fig 3.20: W dependence of velocity for the harmonic potential model with O (numerical). Diferent
colors correspond to flerentd’s, which changes the set of spring constéraind hydrolysis free energy
Apin the model according to Egs. (3-9-5) and (3-9-6). Results from models vitretitd are plotted by
scalingW by 7;1. Inset shows same data without scaliig

To understand the limi¥V — 0 of the model, we focus on the switching dynamics between
potentialsUq(x) and U1(X) — Ay, since the dynamics between two neighboring potentials are
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equivalent in steady-state. Our aim is to estimate the probability density of the position where
the switching fromUJy(x) to U;(X) — Au takes place:
A(X

109 = 2 = P10~ Patx - D (9. (3-9-7)
P3(x) andPiXx) are the steady-state densitiesxafnder the condition that is 0 and 1, respec-
tively. The first term in the right-hand side of Eq. (3-9-7) corresponds to the probability density
of the switching atx, whereas the second part is that of the switch baek@QL WhenA(X) is
obtained, the internal heat dissipation may be calculated as

1
Qni=3 [ X109 1Us(9 - U + 4] (3-9-8)
whereZ = fdx/lo(x) is the normalization factor.

ForW < r;)l, the steady-state probability density 0is close to the equilibrium density
inside each potential

(3-9-9)

Psi(X) = Peg(X) o exp[—UO(X)] .

Ks T

Although this assumption is valid in estimating the first term in the right-hand side of Eq. (3-9-7),
it fails to capture the feature of the second ternWat- 0, since the small but finite switching
makesPg(x) deviate fromPey(x) at around the peak point & (x) f;(x), wheref (x) may take
a significantly large value.

We focus on the model with < x./L, where

~ 14 (3-9-10)

is the intersection point between the two potentibllg(x.) — U1(X.) + Au = 0. In this region of
a, Pg’q(x) fy (X) has a peak at < x.. In order to phenemenologically take into account tiieat
of switch back, we consider the conditional probability that after the switching occusia
potential stays ab¥;(X) — Au and is not switched back 1dq(X):

exp[_Tv/Tleq(X)] + exp[Eo(X)]

Dol 1+ expEa(x) (391
We have introduced the local equilibrium time scale
1 1
Tieg(X) = (3-9-12)

RIC)+R(¥) W[y () + f; (]’

which is the typical time required for equilibration betwedp(x) andU,(x) — Au at a fixed
positionx. UsingDy(X), we assume that the switching position probability density is given by

A(X) = Peg(x) fy (Do) (3-9-13)
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Fig 3.21: Numerically obtainedey; (red) and the theoretic&) (green) obtained from Eq. 3-9-15 in the
g = 0 model. Starting fron©(0) at the limitW — 0, Qex drops sharply in a manner —logW at low but
finite W. Qegx: Stops dropping aiV ~ 751, and converges tau atW > 71, Inset shows same data with
linear-scalaw.

This is justified since the main contribution from tR&(x) f, (x) term in Eq. 3-9-7 is the switch
back which occurs right after the switch=(, and the probability that the probe spontaneously
climbs the potential;(x) in the backward direction for the switch back to occur is negligibly
small.

As shown in Fig. 3.21, the external heat dissipation theoretically obtained as

W) = Au- = f dxi(%) [Uo() — Us(X) + Au] (3-9-14)
= —KL2—— f dxA(x)x, (3-9-15)

captures the feature @Jey; at smallW. Note that in the limiWw — 0, we find
Qe = Q(0) = (1/2 - QKL?, (3-9-16)

since in this limit the switching position probability density becorRggx) f(X) oc exp[-K(x -
qL)?/2ksT], a Gaussian distribution with peak:at= gL. For finiteW, the value ofQ;, deviates
drastically fromQ(0) in a mannek: —logW, which is observed as a sharp drop whahor

v is linear scaled (Fig. 3.21 inset, Fig. 3.19). Physically, this corresponds to the fact that very
littte ADP concentration is dticient to prevent switching to occur at energetically unfavorable
positions J1(X) — Ug(X) — Au > kgT].
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Fig 3.22: Deviation of Qey from the theoretically obtaine@(W) from Eq. 3-9-15. Diferent colors
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A0(X) = Ao(x) is valid whenW < 7,%, and should fail wheW > ;' since Eq. 3-9-9 used
to evaluate the first term of Eq. 3-9-7 is violated in this region. ©hgtherefore deviates from
the sharp theoretical curve at arowt~ 7,;* (Fig. 3.22). As shown in Fig. 3.21, the value of
Q(W) is suficiently close toAx whenW ~ rlgl, which could be understood as follows. Assuming
D(X) =~ exp[-7y/Tieq(X)], the peak positionx = X. — ¢ of Ag(x) atW = 751 satisfies

KL(x.—qL) KLS
ke T ~ keT

gKLo
Ke T

+(1-qg)exp (3-9-17)

(1 -qKLs
qexp[ T ]
Using thes obtained in Eq. 3-9-17Q(W = 7‘1) is estimated asc Au + KLS. At largeA =
KL?/kgT andB := Au/kgT = O(A), the value 0‘6 satisfying Eq. 3-9-17 scales &8/L o« logA.
Therefore Q(W = Tp)/Au = 1+ O(log A/A), which means tha(W = Tp) = Au is satisfied with
a small error term undek > 1.

To sum up, in the potential switching model with the switching rates Eq. (3-6-1¢ anx./L,
Qext becomes dficiently close taAu atW ~ rgl, when the conditiorK L2, Au > kgT is satisfied.
Sincer, = 7, KL%/kgT, there exists a time scale separatign> 1,, hence aW ~ Trjl the
velocity is still smaller than the maximum velocity< Vmax. This means that iIKL?/kgT = 50,
which is the case where the maximum velocity is close to the rgathé model shows the
Qext ~ Au behavior even when [ATP] is as low a0 of the velocity saturating concentration.
PersistenQgy ~ Au for the broad range ofV > ‘r‘;l allows the low dependence iy ON Vv,
which explains the internal dissipation-free feature pbbserved in experiment. For the case
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of models withg > X;/L, it is confirmed that there exists a significanffeience betweeQ.y;
andAu for W = 751, even wherd is as large as 5 in the parameterization given by Eqgs. 3-9-5
and 3-9-6. Itis left for future studies to theoretically understandjthex./L models (including
g=05and1, Fig. 3.13).



Chapter 4

Linear motors
-Cooperativity of cytoplasmic motors-

In this chapter, we discuss the model for linear molecular motors, which are motor proteins
that typically function in the cytoplasm of eukaryotic cells. Our focus here is on the cooper-
ativity of the molecular motors; unlike the;fATPase, linear motors usually work in dimers
or in multiple molecules sharing the same cargo. After reviewing the facts on the previously
obtained experimental results on myosin, kinesin, and dynein proteins, we give a simple phe-
nomenological understanding of the design principle in the single molecule of these motors. We
then propose a scheme that allowSive and bidirectional elements to produce unidirectional
transport through collective interaction. The key idea is that the force-sensor is coupled to the
difftusive mode through the chemical state of each motor molecule. Further analysis considering
the degree of freedom of the cargo is given.

67
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4.1 Cytoplasmic motors

Linear motors are protein molecules that work typically in the cytoplasm of the cells with
the roles for instance in cargo transport and cell division [1, 81]. These motor proteins function
along pseudo-one-dimensional rails of microtubules or actin filaments, called cytoskeletons, in a
unidirectional manner with the aid of the nonequilibrium free energy source, ATP. Intense studies
on the mechanical properties of cytoplasmic motors have aroused interest from physicists as well
as biologists. Not only that these motors touch so many aspects of cell- and developmental
biology, it also provides rigorous examples to elucidate the design principles required in making
such super-nanomachines.

Although cytoplasmic transport had been observed in plants from early as the 18th century,
specific research on molecular motors are said to have originated by the studies on the acto-
myosin (refering to actir- myosin) complex [82]. Acto-myosin is the main player in the muscle
contraction dynamics [83, 84, 85]; myosin motors are themselves ATP hydrolyzing enzymes,
which, in relative motion to the actin filament, extract force to make displacement at the single
head levels. Myosin involved in muscle contraction, which is now classified as myosin Il (or
conventional myosin), forms a bundle to interact with the actin filament, and the dynamics of
many single heads adds up to the contraction in the macro scale.

It was discovered later that there exist individual myosin motors that function as dimers, called
processive myosids These myosins, for example myosin V [86] and myosin VI [87], have the
capability to move along the actin filament without forming a bundle, and can transport cargoes
even by a single molecule [88] in a robust and unidirectional manner. Although the functional
roles and even the direction of transport ifelient among the myosins [89], the basic mechanism
that govern the motion seems to be surprisingly preserved among the species.

Conventional kinesin, or kinesin-1, is similar to myosin V or VI in the sense that it is a
processive motor which transports unidirectionally the cargos. It was originally found as the
motor responsible for the fast axonal transport in the giant neuron of squid [90, 91]. The stage
that kinesin acts on is the microtubule, which is a cytoskeleton with hight@medts than actin
filaments. Like myosin, there exists a super family of kinesins, with some movindgfareft
directions [92] and some even functioning in monomers [93].

Single molecular level experiments [94, 95] have uncovered the [figieacy of these uni-
directional motors [96]. Similarly to the,FATPase, these cytoplasmic motors undergo step-
wise motion with the step sizes corresponding to the length scale embedded in the cytoskeleton
(Fig. 4.1), for example, 8 nm for conventional kinesin and 32 nm for myosin V. The stepwise
motions were found to be the consequence of the hand-over-hand dynamics [97, 98] of these
dimerized molecular motors; identical molecules are tied together through a linker, thus forming
a dimer, which become the feet for the molecules to literally walk along the rails.

Recently, there is large attention devoted to another complex cytoplasmic motor, called dynein [99].
In comparison to the large family of kinesin and myosin, there is only one gene that encodes
dynein (cytoplamic dynein 1), although it is responsible for most of the transport to the minus

“Processive” is a technical term that refers to the ability of the molecular motor to attach to the rail (cytoskeleton)
for a certain amount of time in a functional manner, typically showing unidirectional motion.
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end of the microtubule in the cell. Dynein has a long history of research after its first discov-
ery [100]. Nevertheless, it was not until recently that purified complexes of cytoplasmic dynein
could be obtained to explore its biochemical properties, including the structure of motor domains
and linkers [101].

The observed dynamics of single molecule cytoplasmic dyneins has proved to be unique.
Dyneins, also dimerized molecular motors, produced uncoordinated stepping (yeast,[102, 103])
or diffusive motion (human,[104]) on the microtubule (Fig. 4.3, left). It was reported that the
unidirectional motion of human cytoplasmic dyneins can be recovered [105, 106] however with
the requirement of subcomplexes such as dynactins attached to the molecule.

ATP
ADP+Pi

oSS

Fig 4.1: Conventional kinesin as an example of dimerized molecular motor with discrete step size. The
step size is 8 nm, corresponding to the minimal components of microtubules (the gaitudiulin) which

form a lattice-like structure in the one-dimensional direction. The microtubule has polarity, thus kinesin
knows which way it should step to (plus end, right in figure). A single molecule of ATP is consumed in
one forward step of kinesin, resembling the stepwise dynamics.oT ke major diference, however, is

in the reversibility of the dynamics; there is no evidence that kinesin synthesizes ATP when the probe is
pulled backward with respect to the direction of motion, and instead it may be even hydrolysing ATP upon
the backstep [75].

4.1.1 Mechanism of motion

We describe in Fig. 4.2 the simplified schematic of the relation between the chemical states
and the dynamics in conventional kinesin and myosin V. The key in the design principle in these
molecules is how they incorporate the directionality; the motor heads of these dimers should
know whether or not they are in the front or in the back, and proceed their chemical reactions
with the rates controlled by these notions. Since in these motors the heads are separated and
only linked through protein chains, it is unnatural to assume that one molecule knows the precise
chemical state of the other molecule. In contrast, it should be possible for the molecule to sense
the force from the other, through the conformational change of its own caused by the interaction
of the molecules through the pushing or pulling by the linker.

Indeed, such force-sensor mechanism has been elucidated in single head experiments for
myosin and kinesin [110]. In [111], for example, it was shown that the single headed myosin
molecules have a preference of direction in the binding dynamics; it has a larger time scale
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Kinesin Myosin

Hyd rolysiiL ADP reIease\L

ATP binding l ATP binding

\LADP release

Fig 4.2: Simplified schematics of the stepwise motion of molecular motors [107, 108]. T: ATP, D: ADP,
and¢: no nucleotides (apo). Although some states described as D in the figure should be substituted by
ADP+Pi, we omitted Pi for the sake of simplicity. (Left) Hand-over-hand motion of conventional kinesin.
The tightly bound state and the weakly bound state (released state) in the single motor head correspond
to “T or ¢” and “D”, respectively. (Right) Hand-over-hand motion of Myosin V. The step size is 32 nm
corresponding to half of the pitch size in the actin rail. The tightly bound state and the weakly bound
(released state) correspond to “D” and “T¢dr respectively. The mechanism is very similar for the case

of myosin VI [109], only with the polarity switched to the opposite direction.

S
©)

JS—
@

to be stuck on the actin rail when it is pulled backward with respect to the directional motion,
compared with when pulled forward. The strongly bound state of myosin to the actin corresponds
to the chemical state with ADP or ABHRPi bound to the motor head. Thus, the experimental
result indicates that the switching of the state in myosin from the tightly bound to the detached
(corresponding to the nucleotide free state), is less likely to occur when the head is in the back,
rather than when in the front (Fig. 4.2, right).

Such preference of direction embedded in the chemical reaction rate has also been found in
single monomer dynein experiments [104, 112]. In the case of dynein, although large hetero-
geneity has been observed in the feature of motion and stall force among the molecular species, it
seems common that there are also two states of conformation, named in some context, pre-power-
stroke and post-power-stroke [113]. The two states, corresponding to the ATP binding state and
the ADP or apo (nucleotide null) state (Fig. 4.4), presumably haiWerdnt interaction with the
microtubule according to the recent data [104].

Experimental techniques have further allowed systematic analyses ofigbieocé coordina-
tion in the motor protein dynamics. Since the force-sensing mechanism is relying on the proper
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Single dimer dynein: Coupled dyneins: Team of dyneins:
bidirectional, unidirectional motion larger velocity
diffusive motion

Cargo (DNA origami)

[

Fig 4.3: Schematic of the experimental results on human cytoplasmic dynein. Single dimers of full-length
dynein were observed to undergo bidirectiondiudiive motion. When two or more of the dimer dynein
molecules where tied together by double strand DNA (middle) or through an artificial cargo made of DNA
origami (right), unidirectional motion appeared.

interaction between the molecular motor heads, it is natural to consider that the artificial ma-
nipulation of motors will lead to perturbations in their functions. In [107], the linker of kinesin
heads, which is a region of protein chain called neck-linkers, were controlled by adding extra
residues. Although some properties such as speed and ATP hydrolysis rate where changed, the
motors were able to perform unidirectional motion, suggesting that the information transmitted
through the linker does not rely on the specific conformation of the linkers.

In [104], Torisawa et al. reported that the motion of human cytoplasmic dynein changes from
bidirectional and dtusive (Fig. 4.3, left) to unidirectional (Fig. 4.3, middle, right) only by putting
multiple molecules in interaction through cargo. The simple scheme presented here motivates us
to consider the fundamental mechanism behind unidirectional motion of cytoplasmic motors.

Another key feature apart from the head-head interaction of these motors is the multiple
states of dtusive motion. The highly diusive motion, as observed even in dimeric cytoplasmic
dyneins, may be a general physical feature for molecules weakly interacting with the micro-
tubule [114], since similar motion has been observed for the monomer kinesin (KIF1A) [93],
myosin on microtubules [115] and even in the case of electro-statically bound silica bead [116].
Such weak confinement in one-dimension is considered to be caused by the negatively charged
flexible tails of the microtubules, which attract the positively charged protein molecules and ef-
fectivly trap them inside a certain length scale around the microtubule.

The other state of diusivity is the tightly bound state. As depicted in the cases of myosin
and kinesin (Fig. 4.2), the single motor heads attach strongly to the rail in some nucleotide state,
which is in contrast to the highly flusive state that is essentially liberated from the rail or at least
in low interaction with it. The two dfusive modes can thus be assigned to two chemical states
of the motors. Large diusion constant appears for the chemical (nucleotide) state which induces
weaker binding to the rail, where as smaller (fieetively zero) difusive constant corresponds
to the nucleotide state corresond to the tightly bound state.

The switching between thesefldirent states themselves may play crucial roles other than
the powerstroke mechanism. In the powerstroke picture, for instance the lever arm model of the
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myosin, it is assumed that typical high free energy consuming reactions have one-to-one corre-
spondence with the force generating step. On the contrary, if the switching of the interaction
with the rail is operated under a well-designed rule, for example the biased switching, merely the
thermal force is sfiicient to explain the motion of the motors. There is discussion on whether
the direct force generation (powerstroke) or the biased switching is important in molecular mo-
tors [111, 117]; it is possible that the balance between them vary between the motor species.

é
+ § - § 'b
]

e
ADP release /]\ \l/ Hydrolysis
+ ATP binding (+ Pi release)

Fig 4.4: Possible mechanism behind the asymmetric interaction between the dynein motor and the micro-
tubule. When dynein is free of load, or is pulled toward the minus end direction, it is likely to stay in the
ATP state (with the mark “T"), which is thought to have weak interaction with the microtubule (left top).

On the other hand, when dynein is pulled backward (toward the plus end direction), it is likely to transition
into the ADP (or apo) state (with the mark “D”), that has stronger interaction with the rail (right bottom).
Switching between the states should be accompanied by the chemical reaction steps, for which one cycle
of transition amounts to a single molecule ATP hydrolysis.

4.2 Aim of study

In light of the development in the understanding of the design principles behind the motion
of cytoplasmic motors, we here aim to propose a simple mechanism that allows the emergence of
unidirectional motion through the collective interaction of individually bidirectional molecules.

We introduce a simple solvable Langevin model of a multi-headed motor, which we call a
chemically-driven inchworm. The main concept of this model is that the motion of molecules
themselves do not have polarity, but the rule of switching between the fiuside modes on the
rail is breaking the symmetry. Through the analysis of this model, especially from the formula of
the steady-state velocity, we clarify the role of nonequilibrium chemical free energy input. The
nonequilibrium-ness of the model appears in the interpretation of the multiple in the Langevin
description.

Similar schematics of motor protein motion has been discussed with long history ([83, 110,
118, 111], to name a few). The aim in our model, however, is to elucidate the key parameters
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that control the extent of cooperativity. To this end, we focus on the force-sensitivity, which
is a non-dimensional parameter in the model that measures at what value of potential energy
(corresponding to force) the switching rule changes. We find that for the case where the force-
sensitivity is high, the motor prefers to be in lower number rather than in large number, when
considering the velocity of transport.

To confirm our picture obtained in the simplified model, we extend the model to the case
where multiple motors carry the same cargo. We discuss how the force-sensitivity of motor
proteins may be reflected in the single dimer molecules, with remarks on the classification of
cytoplasmic motors.

4.3 Chemically-driven inchworm

4.3.1 Setup for dimer model

We first consider the dynamics of two Brownian particles that are tied together with a spring.
We have in mind the experiment where two cytoplasmic dynein dimers were linked through a
double-strand DNA [104].

We assume that the single particles have two statesfiafstie motion, a highly diusive
state with dffusion constanD and a less diusive state with dfusion constantl. In the case
of human cytoplasmic dynein, for example [104], it is possible to estiate5 x 10*nm?/sec
andd < 8x 10?’nm?/ sec by fitting a double-Gaussian function to the distribution of displacement
under fixed time frame. The existence of two states fiidive modes, with the lessfiiisive
state possibly corresponding to case where the particle is tightly bound to the kail@), is
supposed to model the broad situation of molecular motors, as depicted in Figs. 4.2 and 4.4.

The dffisive modes of the molecules stochastically switch between the fifusige states,
with a switching rule depending on the force applied to the single molecules [114, 115]. This is
taken into account in the model by allowing stochastic switching between the fiuside state,
in a force-dependent manner.

Highly diffusive state Tightly bound state

| pokel 4 = keT

wéd) T § Y

Fig 4.5: Model of the two dffusive modes of the molecular motors. The highlfudiive state corresponds

to the chemical state where the rail and the motor protein interact weakly. The tightly bound state cor-
responds to the state where stronger interaction exists. We introducefférenie between these two
states by simply assigningftiérent difusion codficients,D andd. The estimated value d andd for
cytoplasmic dynein is & 10* n?/sec anck 8 x 107 nn?/sec, respectively [104].
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Fig 4.6: Schematic of the chemically-driven inchworm model. The two motor molecules are tied together
with a spring. The stochastic switching between the highfdive state and the lesdiilisive state is con-

trolled by a force-sensor; when the potential energy amounts to some value determined by the introduced
length scald., then there is higher probability for the head to switch to a loffudive state.

The two difusive molecules are attached to a spring with spring conktght Settingx and
y as the position of the first and second particles, we have the equation of motion:

Yk =~ (x=y) + VEkaTéx() (@-3-)
PY = 5y %)+ VErekaTEn () (4-32)

Here,&x(t) andé&y (t) are independent Gaussian white noises with unit variance. Corresponding
to the two difusive modes, the friction variableg andyy can take the values of:= kgT/d and

I' := kgT/D. The stochastic dynamics that rule the transition of the varighleendyy is the
Markov jump process. Denoting the rate of the first particle to switch its friction constantfrom
toI" asRx(y — I'|x,y), for example, the rates are defined as the function of the interval between
x andy:

_Ja (x-y>L) 3
Rx(y = TIxy) = {s (x—y<L) (4-3-3)
Q (x-y>L)
Rx(I' = yIx.Y) {S oy <D) (4-3-4)
Ry(y,I' = I,y|x,y) = (same as above with< Y) (4-3-5)

Settingy > I' (D < d)andQ/q, S/s > 1, these transition rates imply that the leading particle tends
to switch to the less €flusive mode (with dtusion constandl) when|x —y| > L, but otherwise
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both molecules prefer to stay in the highlyfdsive mode D). Schematic of the switching rates
is described in Fig. 4.6.

4.3.2 Derivation of steady-state velocity

To confirm that the simple model shows unidirectional motion, let us consider the Master
eqguation corresponding to Egs. (4-3-1) and (4-3-2), and solve for the case where the chemical re-
actions are fast compared with the Brownian motion. This assumption is valid when the chemical
reactions are dficiently fast; in experiment, this corresponds to is the case whiftssiin rather
than the reaction is the limiting factor, which is when the velocity has saturated as the function of
ATP concentration.

The time evolution of the probability density functi®ix, y, yx, yy) follows

9 K X—Y)+ ﬁi(y_ X) + 8_sz1- + 6_szT
OX 2yx 9y 2yy O yx Oy yy
+Rx(¥x = ¥xIX% Y)P(X, ¥, ¥, ¥v) + Re(yy = yvIX Y)P(X s vx, ¥v)

—[Rx(yx = yxIxy) + Rr(yy = vvIX ¥)] Pu(X. Y, vx, ¥v). (4-3-6)

0
apt(x, y’ VX ')’Y) = PI(X’ y, VX '}’Y)

which is the Fokker-Planck equation. We introduced the notatiomy, which flips the value of
the friction constant:

i {y (if yxy =T) 4-37)

L (if yxy =7)
Thefirstline in the right hand side of Eq. (4-3-6) corresponds to the ordinary Orenstein-Urlenbeck
process with the instantaneous friction constagendyy. The second and third lines correspond
to the Markov jump switching of the friction constants.

Let us introduce the time scale of the chemical reactiist, and the non-dimensional
functions, f(yxy — yxylX Y), to normalize the stochastic jump rates:

Ry (yxy = yxyI%y) = Wy (yxy = yxyIXY). (4-3-8)

By considering the case wher¢is suficiently large [see similar analysis conducted in Sect. 3.3.3],
the probability density function may be written as a product of a time-dependent dengijty of
and the time-independent conditional probabilityygf yy :

P(X, Y, %, ¥y) = P(X Y)Peq(yx, YvIXY) (4-3-9)

Here,Peq(yx. ¥yIX, y) is the solution to the equations
fx(¥x = YxI% Y)Ped(¥x> Y% ¥) = fx(yx = ¥xIX ¥)Peg(yx, yvI%.y) = 0 (4-3-10)
fv(yy = wIX Y)Peq(ys: YvIX Y) = Ty (yy = yvIX ¥)Peg(yx, yyIX,y) = 0. (4-3-11)

Note that we fixq := g/Q, S := s/S, andéd = (S + s)/(Q + ) while takingQ,q,S,s —»
corresponding t&V — co.
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Substituting Eq. (4-3-9) into Eq. (4-3-6) and taking the summation gyer= y,I’, we have

P 0 K(x=y) & Ky-x & kT 6% keT ]
Ipxy) = | = g O 7 8 Ipxy), (4-3-12
R PNy Y ey R TRy I ) M
with
_ P el y) |
Ty 6y = | ] . (4-3-13)
¥xyy =yl yxy

The Langevin equation corresponding to Eq. (4-3-12) is written as

_ K(x-y) 2kgT
= oy T iy & (4-3-14)
_Ky=x | 26T, (4-3-15)

Zyv(X.Y) Yy(XY)

where- is a multiple that should be interpreted in theé $ense.
We introducet = (x+Y)/2 andnp = (X —Y)/2. Since the jump rate functions (4-3-3-4-3-5)
only depend om, we are able to define

keT/d  (n>L/2) (4-3-16)

Y1) == x(X%Y) =y (Y, X) = {kBT/S <L/2)’

with the dfective difusion constants

5__SD+5d g gD+ Qd
~ S+s’ 7 gq+Q

(4-3-17)
From Egs. (4-3-14) and (4-3-15) we have

O Kp[ 11 kT  ksT
”‘_7[‘@*7(—:7)]* o " Hen ¢ (4-3-18)

The dynamics described by Eq. (4-3-18) produces no currepttimerefore it is in equilibrium.
However, since the multiple in the fluctuation term is interpreted in thednhse, the steady-state
density deviates from the canonical density. By using Eq. (2-4-31) pvithl, the steady-state
average density of is obtained as

1 O Kn?
PSS(")“[‘@ +7(—77)] exp[_ﬁ]' @319
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Using Eq. (4-3-19), the steady-state average velo¢giycan now be obtained:

1
I d”PSS"”{ [m - m]} (#-3-20)

f g )t =y(=n) ox [ Kn]
T+ P kT

Vy = (€)ss

_ - (4-3-21)
2 [ +Fn T ep| -
=P \/El +e+ 2(11 —Ee)CD ( \/E) e 4-3-22)
Here we defined the parameter corresponding to the inverse of the sensitivity of force:
E = % (4-3-23)

ande := d/D. We also introduced the function
D(a) = 1 f " dxe <2 (4-3-24)
= ) )

We immediately see from Eqg. (4-3-22) that the steady-state velocity is positive avheh
which is a satisfied condition as long ds< D and QS/gqs > 1. The velocity becomes zero
if QS/gs = 1, irrespective of the values of D, which is consistent with the picture that the
nonequilibrium cycle depicted in Fig. 4.6 is critical in the motion of the motor. In the words of
free energy, one cycle in the clockwise direction presented in Fig. 4.6 should amount to a single
ATP hydrolysis reaction. Since we assume that upon stochastic switching there is no change in
the mechanical (€ective) potential profile as in the case of the model fgnie have the simple
constraint in the stochastic switching rules,

Qs _ | Au
E =eX [kBT]

Thus,QS/gs> 1 corresponds to the assumptiap, > O.

Schematically, the finite steady-state velocity of the two-particle model may be understood
as follows. When the two molecules are near each other or feel low tension (Fig. 4.6, left), the
two molecules will most likely be in the highly filusive state, and there is no net transport in
the center of mass. However, once the two molecules come apart due to the Brownian motion,
the molecule in the front will feel force toward the backward direction, and will likely transition
into a tightly bound state, following the rule depicted in the right side of Fig. 4.6. Since in such
case there is strong tension between the molecules, the particle in the back, which is likely to be
staying in the highly dfusive state, will have larger chance to be pulled forward (Fig. 4.6, right).
Thus, the introduced rule on switching lets the center of mass of the molecules to be transported
forward on average.

(4-3-25)



78 CHAPTER 4. LINEAR MOTORS

From the more fundamental side, theilhtegral in Eq. (4-3-18) plays the essential role for the
model to show nonequilibrium transport. The situation should be compared with the Brownian
inchworm model introduced in [119, 120], where the particles with coordinate-dependent friction
needed to be shaken by activethermal) noise in order to produce unidirectional motion. The
difference between the models come from the origin of inhomogeneous friction in the models. If
the particles passively have the property of inhomogeneous friction, for instance it develops larger
friction when pulled backward owing to its non-uniform interaction with the surface, the model
is essentially in equilibrium, and the antélinterpretation arises as a natural consequence [cf.,
Sect. 2.4.3]. On the contrary, what we found in our model is that éhatiérpretation arises when
the cause of position dependent friction is due to fast and nonequilibrium chemical reactions.

Remark should be made on our assumption that the typical rate of the chemical reagtion,
is very large. Although it is diicult to obtain the precise value W in experiment, it should be
sensible to estimate from the maximum velocity @fAd Pase rotation and kinesin locomotion,
which is more than 100 per second. Thuscan be taken to be the order of 1000 Seconsid-
ering that the approaching rate of nucleotides do not vary so muclff@nefit motor species.

How largeW should be in the model determined from the smallest length scale in the system,
which in this case, is the length scale inheritedPiy(-), which is zero. In reality, there should
be some small length scale that characterizes the position dependence of the switchihg rates,
and we should tak&/ > kgT/yl2. Therefore, what we calculated was the case whiére-
keT/y12 > K/y. As we shall see, the length scdlenaturally arises in the case where we
explicitly consider the motion of cargo (cf., Sect. 4.4).

4.3.3 Extension to multi-molecules

The natural extension of the previous inchworm modeélite 2 molecules may be given as
follows. Denoting the position of thieth particle (motor head) ag, and the Gaussian white
noises with unit variances &gt), the overdamped Langevin equation reads

% = =K (% = %) + V2rikeT&(1), (4-3-26)

We have introduced the frictiong, which stochastically switch between two valuggandIl” =

ks T/D, similarly to the previous model. We assume that the switching rates are independent for
each particle, but depend on the relative position of the motor seen from the average position,
X:= % %/N:

T - 4 (i=x>1/2) .

Ry = Tx,x) = {s (x - X<L/2) (4-3-27)
_JQ (xi—-x>1L1/2) A

R - yI%,X) = {S (X -X<L/2) (4-3-28)
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Fig 4.7: Numerical results for the chemically-driven inchworm model, Eq. (4-3-29) d/D was fixed

at 0.02, as estimated from experiments on dynein . Three cades-=0/KL2/2kgT were tested: results

for E = 1.3,0.4, and 01 are plotted in red, green, and blue, respectively. the solid and dotted lines
corresponding to the same colors are the analytically obtained valués/af, in the same parameter
setups.

It is easily confirmed that thdl = 2 case is equivalent to the model in Sect. 4.3.1. Again, by
assuming the fast chemical reaction limit, we arrive at

2ksT
i IR ey
wherer; := X — X, and the &ective potential(n;) is equivalent to the step function obtained in
Eq. (4-3-16). Here, the integral in the fluctuation term is again interpreted indisetise.
The numerical simulation results for two example cases in the geNaraddel is are given
in Fig. 4.7. Since the model can be non-dimensionalized and rewritten usamgl E apart
from the typical time scald;/K, which only changes the velocity by multiples, we fixetb
the experimental data estimated in dynain= 0.02 and changedt in the simulations. We
observe that for larghl, the steady-state velocity converges to a finite value. It is also found that
whether the velocity increases or decreases with respect to the molecular iujalegpends on
the parameters.
Although it is challenging to solve the model with generglwe may consider the case of
N — oo through the mean field theory, and especially prove the convergence of the steady-state
velocity to a finite quantityy/.,. To this end, we first write the equation of motion fgr

_ Kp [T 2T
= T\ G0 NZ V(m ¥(m))

-&i(D), (4-3-29)

& (t)] (4-3-30)
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Due to the central limit theorem, the fluctuation of the third and forth terms become negligible at
N — co compared with that of the second term. Therefore, we may substitute the third term with
a constant. Sincgyi)ss = 0, this introduced constant should be equal to the steady-state velocity:

. __K77i 2kBT'_ B 1 al

= 5w T\ SO V°°+O(m) (4-3-31)

Vo = <)'_(>ss = <xi>ss: <_~ﬂ> (4'3'32)
y(mi)

In the limit of N — oo, equations (4-3-32) and (4-3-31) form the self consistency equation. By
fixing the constanY,,, the steady-state density gfreads

Psdni) = (4-3-33)

exp|-Ki/2keT|  (eVetn-t2B/B (3 < L/2)
Zr e—Voo(Ui_L/z)/a/d (77| > L/2) ’

where we used Eq. (2-4-31) again.

Notice that the distribution aof; is independent ofj,; in this mean field limitN — co. The
value ofV,, may be calculated by noticing that the average displacement of moleguta
respect to the mean position

L/2

1 _
(mi) = f diPs(m)n o 5 dn exp|-Kn?/2ks T = Veo(i — L/2)/D|

—00

1 00
+= | dnexp[-Knf/2keT = Vis( = L/2)/d] .
L/2

is equal to zero. The result is

—~ [2K
Vo= D1 7Q(VE/2 ), (4-3-34)
whereQ(y, €) is a function obtained as the solution to
+Q/€)?
1-€=vVrQ le“ erfc()( + G—2) + e Derfe(—y — Q)] . (4-3-35)
€ €

Now that we have the analytical solutions to the two cases of the mddel2 andN — oo,
we may consider the ratio:

Voo
Vor

72: 1-€

1te 20 ( x/E)] e?Q(VE/2€). (4-3-36)

We plotted the values of.,/V, corresponding to the cases of the parameters simulated in Fig. 4.7.
We see good correspondence with the convergence of the results obtained in the stochastic sim-
ulation for largeN. The ratio clearly captures the feature of whether the transport speeds up
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or down upon increasinlyl. Notice that]Vy — V.| ~ 1/ VN for large N, corresponding to the
correction from the mean field theory at finlke

We plotted the dependence of the ratio (4-3-36) as a functi@hiofFig. 4.8, left in the case
of e = 0. Note that there is no singularity in tlke— 0 limit, since we have

~ [2K _,
V., =D,/ mQ (\/E/z), (4-3-37)
with @*(y) satisfying,
Q* _X + \/;Q*Zee()(+a*)zerfc(_/\/ — Q*) = O (4‘3'38)

Equation (4-3-37) was used in the plot.

From Fig. 4.8, left, we see that for |oi&, there appears the case where the velocity decreases
upon increasing the number of molecules. We call such situations the uncooperative phase, since
in such region of the parameter, the molecules prefer to be in dimers rather than forming a larger
team like a bundle. The ratio (4-3-36) only depends on the parameterd E; thus we can
calculate the phase diagram concerning whether or not it is larger thary¥, as a function of
E ande is shown in Fig. 4.8, right.

The concept we find from the analysis is that the cooperativity of the motor molecules can
change according to the sensitivity and the ratio of tfieotive difusion constant. Significantly,
the uncooperative phasé.(/V, < 1) arises in the model, corresponding to leandE. Although
large number of molecules is advantageous for tfiecéve transport in general cases, if too
much portion of the molecules are transitioned into the lefagive state, it may interfere with
the positive direction motion of the molecules in the highlffuiive state. Such case should
be observed when the force-sensitivity is largag small), thus the uncooperative situation may
appear. The parametepresumably controls the extent of such interference; largerresponds
to the two dffusive modes becoming close to identical, making the interfefiegesmaller.

4.4 Multiple molecules with a cargo

The previous model was somewhat unrealistic in the sense of time-scale separation and the
mechanism of sensing the force through the displacement from the mean. To resolve the concern
that our phase diagram, especially the existence of the uncooperative phase, may be an artifact of
the inchworm model, we here extend the model to the case where multiple motors share a cargo.

We consider the situation depicted in Fig. 4.9. The additional degree of freedom, the position
of the cargo, is also considered to undergo the overdamped Langevin motion.

¥i% = =K (x = C) + v2rke T& (). (4-4-1)
7C == ) K(C—X) + V2rekeT&(t). (4-4-2)
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Fig 4.8: Analytical results for the steady-state velocity of the chemically-driven inchworm model. (Left)
the ratio EqQ. (4-3-36) was plotted as a functionkofor fixed e = 0. (Right) Phase diagram of the ratio
Vs /V2 with respect to the parameterandE.

Here,I'; is the friction constant for the cargo particle. Again, we consider the frictjprie
stochastically switch between two values, but now the rule is changed to sense the relative posi-
tion from the cargo instead of the average position:

| L Ja x-C>L/2) "
R@—meQ—{S (x—C<L/2) (4-4-3)
_ o~ JQ (x-C>L/2) "
RG*ﬂ&C%{S (x-C<L/2)’ (4-4-4)

The time evolution of the density function follows

0 0 K & kBT]

ZP(x,7,C) = = 2(x - C) + ———| P(x,7,C

770 = [M%(m ) o | P70
J K & kgT

+ 3" [RGi = 7% OP(.7.0) - R = 7l C)P(x. 7.C)] , (4-4-5)

where we denotesl = {X1, Xo, ..., Xn}, ¥ = {¥1, Y2, ..., Yn} @ANAY' = {y1, o0y Yie1, Vis Yiets s YN]-

We consider the case where théasive motion of cargo is fast compared with the chemical
reactions and the flusive motion of motor heads. This corresponds to taking the parameter as
NK/yc > maxXW. NK/vy}, whereW is again the typical rate of the chemical reaction, &r¢}/y
corresponds to the inverse of the smallest time-scale experienced byttisvdi motion of the
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Fig 4.9: (Top) A cargo is attached tN motor molecules through springs. (Bottom) Case of the model
with N = 2.

motors, as we will find later. In this limit, the second line in Eq. (4-4-5) should become zero, thus

[ NK NK(C - X)?
Pt(X, Y, C) = Pt(X, ‘)/) X Zﬂ—kBT exp[—éTT)_()] 5 (4'4'6)

wherex := Y xi/N is again the average position. Replac®dy the right hand side of Eq. (4-
4-6) and taking the integral ov€rin both sides, we have

0 0 K 9% ks T
AP = Y|t 2 )

— | 0% i
+ Z [RGi = %%, OP(X.7) = Ry = %%, OP(x.7)|.  (4-4-7)

Here, the &ective switching rateR were introduced as
5 NK _
Ry =T, %) =q+(S- Q)CD(— m()ﬁ - X- L/Z)) (4-4-8)

Flia(F—WIXa,)@:QJr(S—Q)‘D(— %(Xa—i— L/Z))- (4-4-9)

We have arrived at a model similar to the previous setup, yet with the switching rates changed
from a step function [Eq. (4-3-3)...] to a function with length scéleFollowing the procedure
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Fig 4.10: Schematic of the switching rates in the cargo modelffddénce from the model depicted in
Fig. 4.6 is that the force-sensitivity is defined by taking the reference point at the position of cargo (black
dot) rather than that of the pair molecule.

of Sect. 4.3.2, we take the fast chemical reaction lilMt;> ksT/y12. Notice that here we have
a definite a typical length scale,= VkgT/NK, therefore the condition ¥/ > NK/I'. Then we
have

9 o K P kT
apt(X, y) = Z [&m(& - X) + a—xlz.m] Pi(X, y) (4-4-10)

Thus, we finally have the Langevin equation

(= KOi=x - kel . 4
AT R e @A

with again, the multiple interpreted in the & sense. The friction as a functionmf:= x — Xis
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Fig 4.11: Analytical results for the steady-state velocity of the model with cargo with the paraénstér
as 1.

obtained as

Q+q+(S+s-— Q—q)cp(— NK (- |_/2))
709 = (4-4-12)
Qly +a/T +[(S = QT + (5= QM (- (i - L/2))

1+(0-1)0 (— NK(x L/Z))

(4-4-13)

Ol +~

e+ (60— D (— NK (i — L/2))‘

Here, recall the parameter= (Q + q)/(S + s), which did not appear in the previous model after
taking the limitW — co.

In comparison to the friction obtained in the previous setup, which was a stup function, the
effective friction observed in this model with the cargo has a finite length scale, corresponding
to that of the switching rates. Since we may reuse the general formula Eq. (4-3-22) by changing
the friction function from (4-3-16) to (4-4-13), we may obtain the steady-state of the\cas2,
which we denote a¥', by performing the integral numerically.

The length scale of(n) will become zero in the limiN — co. This means that the friction
obtained as (4-4-13) will converge to the step function (4-3-16) in the Nni» 0. Thus, the
model with cargo will undergo the same dynamics as the case of the inchworm model, in the
large molecular number limit. We must be aware, however, that we derivedfdotivee model
under the assumption &§K/yc > W > NK/I'. If the time-scale separation between the three
guantities is not large enough fbr ~ 2, it naturally arises thatV will become comparable with
NK/T for largeN.



86 CHAPTER 4. LINEAR MOTORS

We show in Fig. 4.11 the ratid,,/V}'". We considered the same value Y with the previ-
ous inchworm model, assuming that the proper time-scale separation condition is met. We find
that, although the parameter region for the uncooperative phase is narrower compared with the
previous inchworm model, the phase still existsii$ small enough. The reason for the narrower
region of uncooperative phase is that the finite length scalgrihwill make the model with
N = 2 to become slower, owing to the large fluctuation experienced by the cargo, which is the
reference point for the motor to determine the switching rule (Fig. 4.9, bottom). Thus, in the
cargo model, the increase in the numbehas an additionalféect to suppress the fluctuation of
the cargo.

4.5 Remarks and conclusion

In this chapter, we discussed a simple schematic of coordination between molecular motors,
through a solvable Langevin model. The main result obtained from the analysis of this model is
the dependence of the extent of cooperativity of motor proteins, which we quantify by the ratio of
the velocity atN = 2 andN — oo, on the parameters,andE. Although the value of the steady-
state velocity may depend highly on the functional form of the molecular interactions, we predict
that the features such as the dependence of cooperativity on such non-dimensional parameters,
may have universality to some extent.

The ratio between theffective difusivity of two statese, may be modulated in experiments
by changing the balance of concentration in ATP, ADP, and Pi, for example. The force-sensitivity,
E, is a parameter somewhat more embedded in the design principle of molecular motors. Never-
theless, it is possible to changeby adding linkers in the artificial setups (cf., Fig. 4.3). Experi-
ments directly corresponding to these situations are now being conducted by our collaborators.

The dependence of the cooperative feature of motors on the force-sensitivity may have cor-
respondence to the duty ratio considered in the model of muscle contraction [1]. The duty ratio
guantifies the length of time of the myosin head to be touching the actin filament, relative to the
length of time they are detached. Myosins forming filaments can function properly even if the
duty ratio is low, where as dimeric myosin must have a high duty ratio, since at least one of the
motor heads needs to be attached to the rail for the processive motion. If we interpret the duty
ratio as the ratio of molecules in the lowfldisive mode, it has a monotonic dependencd=pn
since higher force-sensitivity (smdf) will naturally put larger number of molecules in the less
diffusive mode.

For instance, experiments on Myosin VI have shown that the average velocity decreases by
linking more than two monomers in the same molecule [121]. There is also a study [122] that ad-
dresses the decrease of the velocity of a probe bead upon larger molecular numbers of monomeric
kinesins attached to it. These results afféedent to the case of cytoplasmic dyneins, where the
velocity increased as the number of molecules were increased [104, 112]. The processive myosin
and conventional kinesin inevitably have large duty ratio andEpwvhich is needed to achieve
the hand-over-hand motion by guaranteeing one head to be always in the tightly On the other
hand, dyneins can cooperate in a large number of molecules, such as in the case of cilia and
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flagella beating [100], which means that the duty ratio is not necessarily high, as in the case of
muscle myosins. The uncoordinated stepping of yeast cytoplasmic dyneins [102, 123] is another
hallmark of low duty ratio, thus higli. Through these discussions, it is possible that various
types of cytoplasmic molecular motors and their cooperativity, whether they prefer functioning
as dimers or act better by forming bundles, may be explained and classified by the uncooperative
and cooperative phases predicted in the diagram [Fig. 4.8].

Although we only focused on the average velocity in our analysis, there are more questions
that should be answered through our simple model. For instance, how does the stall force and
thermodynamic &iciency depend on the number of molecules? What happens if some molecules
in the model are inactive compared to others, as in the case where passive molecules like dyn-
actin [105] or inactivated motor heads [124] enhanced the unidirectional motion? Qualitative pre-
dictions through answering such questions may motivate quantitative experiments direthe e
of cooperativity, thus leading to more detailed models for the dynamics of cytoplasmic motors.






Chapter 5

General conclusion and outlook

In this thesis, we considered the phenomenological modeling of molecular motors. We first
reviewed on the basic aspects of stochastic thermodynamics, which is a useful framework in
measuring otherwise inaccessible quantities like potential energy and heat dissipation in small
thermodynamic systems. Some theoretical ideas behind the framework, with a brief focus on the
fluctuation theorem and the generalized fluctuation response relations, were presented.

The modeling of -ATPase, the rotary ATP synthetatalytic machine, was described in
detail in Chapter 3. Motivated by the precise experimental data on the internal dissipation-free
feature of k in the ATP catalytic regime, we investigated the phenomenological model with
combined Brownian motion and chemical switching. We found and proposed that a model with
totally asymmetric switching rates best matches with all the known experimental data. Our pre-
dictions shall be confirmed by future experiments, for example by quantifying the heat dissipative
features and angular position dependence reactions in the ATP synthetic reactions.

We next set out to propose a simple model of cooperative transport for cytoplasmic linear
motors in Chapter 4. In contrast to the case gf dretails such as the functional form of the
effective potentials and the conformation dependent chemical reaction rates are yet to be exper-
imentally elucidated in these motors. Nevertheless, we stand at the optimistic viewpoint that
simple phenomenological models should béisient to explain the features of transport, if we
focus on some universal aspects like the cooperativity of single molecules. Considering the recent
guantitative experiments on human cytoplasmic dynein, we proposed a model where molecules
with bidirectional motion will team up to produce unidirectional motion. The key concept we ad-
dressed is that the sensitivity in the assumed force-sensor mechanism critically controls the extent
of cooperativity of motors, which may an important aspect of the design principle in classifying
the species and super families of these linear motors.

For future developments, it is of great interest to broaden the theoretical perspectives on
molecular motors, through testing how universal our modeling strategy works. For instance, the
asymmetry embedded in the forward and backward stepping motion of rotary motors can be a
fundamental feature that characterize the functions of rotary motors. V-ATPase, a rotary motor
protein which the motion was observed recently [125], functions as an ATP catalyst in the cell,
in contrast to the ATP generatoi.RAt shall be intriguing to compare the asymmetric properties

89
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in V-ATPase and F, to see if the predicted asymmetry of is correlated to their thermodynamic
roles in the biological context.

The qualitative correspondence of the experimental results of kinesin, myosin, and dynein
with our predictions in the force-sensor model motivates us to consider perturbation experiments
to see if the outcomes can also be predicted. Controlling the interaction between the molecular
motors and observing the cooperativity in the sense of average velocity shall elucidate the purified
feature of the motor design principles. Furthermore, our simple model sheds light on the problem
of how we may artificially design such nanomachines. Towards the true understanding of molec-
ular motors, one direction of research is to construct nanomachines, similarly to the conceptual
motivation of synthetic biology [126]. Recent development in techniques such as optogenet-
ics [127] allows us to manipulate the bio-molecular motors to function as externally controllable
mini-robots, thus opening the possibility of scanning the parameter space of the simple phase
diagram predicted in our model.

Although we attempted to build the simplest phenomenological models that can explain the
fascinating features observed in experiment, there are, of course, many facts known in specific
experiments that we did not take into account rigorously. For example, it has been reported that
F, can catalyze ATP and even produce rotary motion in the absence pstrat [67]. Although
such shaft-independent motion is observed to be much slower compared with the motor with
the shaft-dependent motion, the striking result provokes us to consider that there might be some
general rules behind the apparent shaft dominator model, which is key in the principle of tight-
coupling motors.

Some features of cytoplasmic dyneins that we cannot explain is the large heterogeneity in the
velocity of unidirectional motion of thé&l > 2 motors case [104]. This might be caused by the
constraint of the experiment, since the microtubule is attached at the bottom surface of the glass,
and dynein motors can move three-dimensionally on this rail and bump into the bottom surface
while walking along the rail [128]. The common problems here with the rotary and linear motors
is that it is has been too appealing to model the motors in one-dimension and to forget about the
other hidden degrees of freedom, including the huge possibility of protein conformation changes.
It is thus left for future challenges to investigate how these hidden degrees of freedom are adding
up to present the apparently simple and beautiful dynamics of molecular motors.

It shall be fair to stress that the unexplainable features of molecular motors can be ques-
tioned only by addressing what is explainable through the most simplified models. Yefatte e
of phenomenological modeling should be constantly responding to the systematic experiments
providing more and more quantitative results. Our motivation throughout the thesis was that the-
oretical studies on biophysics have come toftedént stage from the fine-tuning of large number
of parameters in models, which was required in explaining the rather obscure experiments, to the
era where discussions on fundamental and abstract design principles are starting to make sense.

In the quest of biological physics, it is equally important to reuse the conceptual interests and
approaches in solving filerent classes of biological problems. Just as how the single molecule
imaging of motor proteins brought novel insights into the study of thermodynamics, the combina-
tion of the three-dimensional live cell imaging techniques and the ever-growing cell state profiling
methods shall cast true challenges for physicists to understand developmental and neural biology
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as nonequilibrium many-body problems. Continuing the fruitful communication between experi-
ment and theory should lead in revealing the truly non-trivial aspects of biological systems, which
will inevitably bring new ideas to theoretical physics as well.
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