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ABSTRACT Recent experiment showed that cytoplasmic dynein 1, a molecular motor responsible for cargo transport in cells,
functions as a gear in response to external load. In the presence of vanishing or small external load, dynein walks with 24- or 32-
nm steps, whereas at high external load, its step size is reduced to 8 nm. A simple model is proposed to account for this
property of dynein. The model assumes that the chemical energy of ATP hydrolysis is used through a loose coupling between
the chemical reaction and the translocation of dynein along microtubule. This loose chemomechanical coupling is represented
by the loosely coupled motions of dynein along two different reaction coordinates. The first reaction coordinate is tightly coupled
to the chemical reaction and describes the protein conformational changes that control the chemical processes, including ATP
binding and hydrolysis, and ADP-Pi release. The second coordinate describes the translocation of dynein along microtubule,
which is directly subject to the influence of the external load. The model is used to explain the experimental data on the external
force dependence of the dynein step size as well as the ATP concentration dependence of the stall force. A number of
predictions, such as the external force dependence of speed of translocation, ATP hydrolysis rate, and dynein step sizes, are
made based on this theoretical model. This model provides a simple understanding on how a variable chemomechanical
coupling ratio can be achieved and used to optimize the biological function of dynein.

INTRODUCTION

Dynein is among one of the three families of molecular motors

that are responsible for the motility of eukaryotic cells (1–5).

The other two, kinesin and myosin, are much better char-

acterized and their functions better understood. Although dy-

nein has been known as the force-generating element in cells

since 1965 and there have been significant advances in the

structural and mechanistic studies of this motor protein (6–9),

due to the lack of atomic detailed structural information, our

understanding of themechanismof cargo transport bydynein is

still very limited. This relative slow advance in the studies of

dynein is partly due to its large and complex structure. To

maintain a complete molecular activity, the required size of

dynein is ;380 kDa (4), almost 10 times larger than that of

kinesin. Its total molecular weight is ;1.2 MDa (4–9). Most

structural information of dynein comes from electron micro-

scopic (EM) studies. Dynein has a motor domain consisting

of seven different globular subdomains, which together form a

ring-like architecture surrounding a central cavity (8,9). More-

over, the dynein motor domain contains multiple nucleotide

binding sites, unlike that of myosin or kinesin, which contains

a single nucleotide binding site. Six out of the seven globular

domains are AAA-like (ATPase associated with diverse cel-

lular activities) domains, and are named AAA1-AAA6. Four

of the six AAA domains, AAA1-AAA4, bind ATP with

different binding affinities (9–11). AAA1 appears to contain

the active site for ATP hydrolysis, although AAA2-AAA4

also have some catalytic activity (3,4,6,11), and experiments

indicated that AAA3 is essential for the dynein-induced

microtubule gliding activity (4,12).

The other structural elements that are important in force

generation by dynein include the microtubule binding stalk

(MT stalk), an unusual 13-nm-long structure projected out of

the ring-like motor domain, and the stem, another elongated

projection (1,4,8,9). The MT stalk contains a small bulky

structure that is responsible for dynein binding to the micro-

tubule and the stem regulates the binding of dynein with

different cargoes. Both MT stalk and the stem are potential

lever arms (1,8,9). In the EM image of dynein, the MT stalk

and the stem point to different directions (8,9). Their orien-

tations with respect to the motor domain were shown to

depend on the dynein power-stroke state. In both axonemal

and cytoplasmic dynein, after ATP hydrolysis and product

release there is a rotation of the ring of the motor domain

around the motor-stem junction (1,4,5,8). (In this article, we

focus on the cytoplasm dynein 1 and use the term dynein for

this species, unless otherwise stated). The motion of the

motor domain with respect to the stem presumably forms one

of the essential elements of the power stroke of dynein and is

estimated to produce a movement of the motor domain along

the microtubule of 15 nm (1,2). The step length is expected

to be longer when the movement of the other lever arm

formed by the MT stalk is taken into account (1). This overall

appearance of the dynein structure is very different from that

of myosin and kinesin, which have only one arm emerged

from the catalytic domain (the motor domain contains both

the nucleotide binding and the track binding sites).

Superficially, all protein motors using ATP as the energy

source follow a similar strategy (4,5) in which the motor core

binds and hydrolyzes ATP and coordinates these chemical

processes with the conformational changes of the protein

motor. The latter generates the mechanical movement of the

motor. The chemical transitions in the motor domain regulate
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the binding of motor with its track, such as the microtubule

or the actin filament. Although there are still many uncer-

tainties on how exactly the chemical energy is converted into

mechanical energy, typically with a high efficiency, even for

the better characterized systems such as myosin and kinesin,

a large body of experimental data have been accumulated on

the kinetics and mechanics of these protein motors. For

example, experiments showed that both traditional kinesin

(13) and myosin (at least myosin V) (14) walk by a hand-

over-hand mechanism and there exists a tight coupling

between the chemical and mechanical processes. Every ATP

hydrolyzed generates an 8-nm movement of kinesin along

the microtubule in a large range of external load (15–17).

Cooperation between the two heads of kinesin is thought to

be essential for its movement (15,17). Similarly, dynein also

processes by 8-nm steps when it walks against a heavy load

(18,19) and it was shown that a single-headed dynein is only

able to bind and hydrolyze ATP but not able to move along

the microtubule (20). However, recent single-molecule ex-

periments (21) of dynein showed at least three aspects of the

chemomechanical properties of dynein that are very different

from kinesin.

The main difference between kinesin and dynein comes

from their different responses to the externally applied force

and to the variation of ATP concentration. Firstly, the stall

force (the force applied in the direction opposite to the pro-

tein motion that prevents it from moving forward) is much

less sensitive to the variation of ATP concentration for

kinesin (16,17) than for dynein (21). When ATP concentra-

tion changes from 5 mM to 1 mM, the stall force increases by

;20% for kinesin (17), whereas in the case of dynein it

increases more than four times when ATP concentration

changes from 0.1 to 1 mM (21). Secondly, the maximal stall

force in the presence of saturating concentrations of ATP is

significantly larger for kinesin (.8 pN) (16,17) than for

dynein (;1.1 pN) (21). Thirdly and most interestingly, whereas

kinesin exhibits a constant chemomechanical coupling ratio

at all forces smaller than the stall force (the hydrolysis of

each ATP molecule leads to a translocation of 8 nm, as dis-

cussed earlier), dynein’s step size varies with the external

load, namely, dynein switches gear in response to the external

load (21,22). When the external force is large, the step size of

dynein is 8 nm (18,19), the same as that of kinesin and is

approximately the distance between the adjacent binding

sites on microtubule (it was shown that kinesin and dynein

bind at the same positions on a microtubule (23)). The step

size of dynein increases with decreasing external force.

When the external force vanishes, the step size of dynein

is most likely to be 24 or 32 nm (21).

In the following, we present a simple theoretical model for

the chemomechanical coupling involved in the walking of

dynein. The theoretical framework used in this study is based

on a ‘‘thermal ratchet’’ approach, similar to that used by

Oster and co-workers in their studies of F-ATPase (24,25)

and by Astumian and co-workers for kinesin (26), just to

name a few of the most notable. Simple model potential

energy surfaces taking into account the periodicity of the

binding between the dynein and microtubule are used in this

model. The distinctive feature of this model is that two

different reaction coordinates (instead of one) are introduced

so that the loose coupling between the chemical reaction

(ATP hydrolysis) and the translocation of dynein along its

microtubule track is taken into account. The first reaction

coordinate describes the conformational changes that di-

rectly control the chemical reactions, including ATP binding

and hydrolysis and ADP and Pi release, and thus can be

considered tightly coupled to the usage of energy. Therefore,

the motion along this reaction coordinate takes into account

the conformational changes of dynein that influence the free-

energy barriers for the chemical reactions that occur in the

active ATP binding site. The motion along the second re-

action coordinate, taken to be the position of dynein along

microtubule, is also driven by energy (power stroke) gener-

ated from ATP hydrolysis. However, the chemical processes

are not tightly coupled to the latter motion, i.e., the free-

energy barriers of the chemical reactions are not directly

controlled by the motion of dynein along microtubule. As

a result, the external force influences directly the second but

not the first type of motion (conformational changes). After

this separation of motions, a loose instead of tight coupling

exists between the translocation of dynein and its catalysis of

ATP hydrolysis and the dynein step sizes vary with the

external load. This model explains the experimentally observed

ATP concentration dependence of the stall force and the

external force dependence of the step sizes of dynein. It is

also used to study the ATP concentration and external force

dependence of the ATP hydrolysis rate and the walking

velocity of dynein.

THEORETICAL MODEL

Description of the model

Because a tight coupling between the catalyzed ATP hydrolysis reaction and

the physical translocation of a protein motor leads to a constant chemo-

mechanical coupling ratio (e.g., the tight coupling of kinesin results in an 8-nm

step for every ATP hydrolyzed (15)), to account for the variations in the

chemomechanical coupling ratio of dynein, it is necessary to introduce

a loose coupling between the chemical reaction and its physical movement.

As discussed above, in this model the movement of dynein is described by

two reaction coordinates, one of which describes the conformation of the

dynein that controls the ATP hydrolysis reaction (e.g., the local conforma-

tion of the catalytic site); and the other describes the translocation of a dynein

molecule along the microtubule. The conformation change of the catalytic

core for the chemical reaction and the translocation along the microtubule

are thus treated separately, with ATP hydrolysis being the common energy

source. Hereinafter, the first coordinate is called the chemical reaction coor-

dinate (a) and the second the physical reaction coordinate (x). The relation of

chemical coordinate and the chemical transitions is the same as that between

the reaction coordinate and chemical transitions in a tight coupling model

(24,26). The essential features of the theoretical model include:

1. One ATP molecule is hydrolyzed per cycle of reaction, through which

dynein goes through a series of chemical states defined by the
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occupation of its active ATP hydrolysis site (there could be more than

one site involved but the net result is that one solution ATP is

hydrolyzed to yield ADP-Pi). At this stage, one cannot exclude the

possibility that more than one ATP molecule (e.g., ATP hydrolysis at

AAA4; (10)) is hydrolyzed every physical step of dynein. However,

inclusion of ATP hydrolysis at another site changes either only the

magnitude of drive force or the regulatory mechanism of dynein function

(10) but not the concern of this article, the essential chemomechanical

coupling mechanism. The possible regulatory roles of AAA2-AAA4

domains are discussed in a separate article (Y. Q. Gao, unpublished

data). For simplicity, only three chemical states are considered explicitly

in this model: the ATP (ADP-Pi), ADP, and empty states. The sequence

of events in ATP-driven motion of dynein is described as follows: The

binding of ATP to a dynein motor domain detaches its stalk domain

from microtubule (5,27). ATP binding and the subsequent hydrolysis

reaction (which together is taken as a single chemical state) and product

release provide the energy for the conformational change in the catalytic

core (described by the reaction coordinate a), as well as drive the

translocation of dynein along the coordinate x. (In this powerstroke

model, the energy is restored in the restrained conformation of dynein

with an empty AAA1 binding site, the binding of ATP to AAA1

releases this constraint and allows dynein to move forward along

microtubule.) The conformational change along the chemical reaction

coordinate (e.g., the change of conformation of the catalytic core of the

AAA1 domain) is required for the chemical transitions and in turn the

chemical transitions induce the conformational changes in a. Each of

the chemical states prefers a different conformation of the nucleotide

binding site including the P-loop region (10). The chemical transitions

occur in the following order: ATP binding and hydrolysis / Pi release

/ ADP release, with a conformational change in the a-coordinate after

each of the chemical transitions. During this process of chemical energy

release, dynein walks in the minus end along microtubule. At the same

time of the translocation of dynein along microtubule, conformational

changes coupled to the chemical transitions such as ADP and Pi release

occur in the motor domain (along the a-coordinate). After Pi and ADP

are released and the AAA1 domain becomes empty, the conformation of

dynein in the a-coordinate returns to its poststroke (ATP-free) state and

dynein rebinds microtubule. As a consequence, through this cycle of

dynein conformational change along the a-coordinate, one ATP mole-

cule has been hydrolyzed into ADP and Pi and dynein has displaced

from its original position on microtubule.

2. ATP hydrolysis is assumed to be activated by dynein binding to

microtubule. This assumption is in accordance with the experimental

observation that the presence of microtubule stimulates the ATPase

activity of dynein (10). The rates of other chemical transitions (binding

of ATP and release of ADP-Pi) depend explicitly on a but not on x, so

that the chemical reaction is not tightly coupled to the translocation of

dynein (see Appendix for more details). The transitions between

chemical states are random processes and the probabilities for the

occurrence of these transitions are determined by the rate constants of

the transitions.

3. The binding sites of dynein on microtubule are distributed according to

the microtubule lattice structure with a separation distance of 8.1 nm.

The chemical transitions of dynein (e.g, binding of ATP) induce the

conformational changes along the a-coordinate, and the latter changes

the binding affinity between the dynein and the microtubule. When dy-

nein is at a poststroke state (e.g., the empty state), it binds preferably to

one of the binding sites on microtubule. The binding of ATP and

subsequent ATP hydrolysis at the active site of dynein bound to micro-

tubule, which transforms dynein into a prestroke state, induces the con-

formational change of the motor domain (the a-coordinate). This change

of dynein conformation reduces its binding affinity with microtubule

and a power stroke is generated for dynein to displace in the minus

direction of microtubule (the comparison of structures obtained in the

presence of ADP 1 Vanadate and in the absence of nucleotide suggests

that a power stroke may be produced when ADP and Pi are released in

the ATP hydrolysis cycle (2,5,8)). This driving force is represented by

a harmonic term in this study

Vx;ATPðxÞ ¼ KPS

2
ðx � xd � dmaxÞ2: (1)

In Eq. 1, xd is the position of dynein along xwhereATPbinding occurs, and

dmax is the maximum displacement driven by the power stroke and has been

estimated to be;30 nm (21,28). The force constantKps is estimated using the

experimental maximum stall force to be 0.04 pN nm�1 (see Appendix for

detailed discussions). Dynein walks along a single protofilament.

4. Motions along both the chemical and physical reaction coordinates are

continuous and are described by Langevin equations. The diffusion con-

stants are assumed to be independent of the chemical states and are taken

from experimental measurements. The potential of mean force that acts on

the dynein molecule takes into account condition (3), and depends on the

chemical state of dynein. Simplified model potentials are used in this study

and they are given in the Appendix.

Equations of motions

The motion of dynein is described by its random movement along the re-

action coordinates on the potential energy surface determined by its chem-

ical state. After neglecting the inertia and balancing the forces on the motor

including thermal fluctuations, the displacement of the motor in a time in-

terval Dt can be written as (30)

xðt1DtÞ � xðtÞ ¼ ðFx;i=zx;iÞDt1DxðtÞ; (2)

and

aðt1DtÞ � aðtÞ ¼ ðFa;i=za;iÞDt1DaðtÞ: (3)

In Eqs. 2 and 3, zx,i and za,i are the friction constants for the motion along

x- and a-directions, respectively. The terms Dx(t) and Da(t) are the random

displacement due to the stochastic force and in the presence of white noise,

they can be written as DxðtÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dx;iDt

p
R1 and DaðtÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Da;iDt
p

R2,

respectively. D ¼ z=kBT, kB being the Boltzmann constant and T being the

temperature, is the diffusion coefficient and Rs are random numbers. R1

and R2 are independent and each has a Gaussian distribution with a zero

mean and a unitary standard deviation. In Eqs. 2 and 3, Fx,i and Fa,i are the

forces acting along the coordinates x and a, respectively. These forces can

be further written as

Fx;i ¼ �@Vðx;a; iÞ=@x � Fx;ext;

Fa;i ¼ �@Vðx;a; iÞ=@a� Fa;ext;

where Vðx;a; iÞ is the two-dimensional potential of mean force acting on the

motor when it is at chemical state i and Fext is the external load (e.g., the force

applied through an optical trap). The Fext is defined so that it is positive when

the force is in the opposite direction of dyneinmotion.The detailed expressions

of V(x,a;i) are given in the Appendix. Because stochastic forces have been

taken into account through the termsDx(t) andDa(t),Fext does not include fric-

tional forces. The detailed potential energy functions, diffusion constants, and

the rate constants of chemical transitions are given in the Appendix.

RESULTS AND COMPARISON
WITH EXPERIMENTS

Motion of dynein in the absence of external force

A typical trajectory is given in Fig. 1 a for a dynein moving

along the microtubule track in the absence of external load.

The average translocation speed of dynein obtained from

the calculations is 0.51 mm/s and is consistent with the
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experimental value of ;0.5 mm/s (29). The speed of the

dynein motion in the absence of external load as a function of

ATP concentration is fitted to a simple Michaelis-Menten

kinetics (Fig. 2) with a maximum speed, Vcat, of 0.51 mm/s

and a KM of 38 mM. This value of KM is in reasonable

agreement with the experimental results obtained for both

cytoplasm dynein (10,31) and the monomeric dynein a (32).

It is also seen from the trajectory that in the absence of

external force dynein takes large step sizes (16, 24, or 32

nm), consistent with experimental observations.

Decrease of step lengths and walking speed
with increasing forces

To study the influence of the external load on the walking

patterns and speed of dynein, two types of calculations were

performed. In the first simulation, an additional force term of

�kx is added to Fx,i in Eq. 2, where k is a force constant. This
simulation is used to mimic the experimental forces applied

through an optical trap. We carried out simulations on the

translocation of dynein on the microtubule against this

applied force at different solution concentrations of ATP.

Some typical trajectories are shown in Fig. 3. It is seen that,

consistent with the experimental observations, dynein takes

large step sizes (24 or 32 nm) when the displacement is small

(which corresponds to a small external load). When dynein

displaces further away from the origin, the force increases

and dynein step size decreases. In the presence of sufficiently

large external forces the forward motion of dynein ceases

and occasionally moves backward. It is also seen from Fig. 3

that the stall force of dynein in the presence of 1 mM ATP is

;1 pN (displacement of ;80 nm) and on average the for-

ward movement of dynein ceases at smaller forces at lower

ATP concentrations, all in agreement with experimental ob-

servations (21).

For the characterization of the external force dependence of

the dynein motion, simulations were carried out in which

constant external forces were applied. Fig. 4 shows that the

speed of dynein decreaseswith increasing external load, for all

ATP concentrations used in the calculations. The force depen-

dence of dynein speed is shown in Fig. 5 for various concen-

trations of ATP. The stall forces are estimated as the force at

which the speed of dynein becomes zero using linear fits of the

calculated data. Although there do not exist experimental data

on the force dependence of walking speed for cytoplasm

dynein 1 and our results are subject to tests of experiments,

experiments on inner-arm axonemal dynein did show that its

translocation speed decreases approximately linearly with the

external force in the presence of both 5 and 100 mM of ATP

(33). Our calculated results are generally consistent with this

experimental observation (see Fig. 5). The calculated stall

forces are shown in Fig. 6 for different concentrations of ATP,

in comparison with experimental results. A clear dependence

of the stall force on the ATP concentration is seen from that

figure: the stall force is;1.1 pN at high concentrations ofATP

FIGURE 1 Calculated traces for the translocation of dynein along micro-

tubule in the presence of constant external load. [ATP]¼ 1mM, andFex¼ 0 pN

(left), Fex ¼ 0.6 pN (right). The time step used in the calculation is 0.01 ms.

FIGURE 2 A log-log plot for the speed of dynein as a function of ATP

concentration in the absence of external load. The calculated results were fitted

to a Michaelis-Menten kinetics with Vcat ¼ 0.51 mm/s and KM ¼ 38 mM.

FIGURE 3 Calculated traces of dynein motion in the presence of an

external force with a form of kx, which mimics the force exerted from an

optical trap; k ¼ 0.011 pN nm�1. ATP concentrations are 1, 0.7, and 0.4

mM, respectively.
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(5 mM) and becomes;0.4 pN at low concentrations of ATP

(;0.1 mM). The stall force decreases approximately linearly

with ATP concentration in the range of 0.1–1 mM, consistent

with the experimental results, although the experiments were

carried outwith forces that varywith dynein displacement (21)

instead of constant forces.

To quantitatively characterize the force dependence of

step size on the external force, trajectories obtained in the

presence of different external forces are analyzed. As seen

from Fig. 1 the increase of the external force from 0 to 0.6 pN

not only decreases the speed of motion, but also decreases

the sizes of the steps. This dependence of step size on ex-

ternal force is more clearly seen in the pair distribution

functions given in Fig. 7. In Fig. 7, when the external load

vanishes, the highest peaks occur at 24, 48 ¼ 2 3 24 nm,

indicating that the most abundant steps at low external loads

are of the size of 24 nm. When the external increases, the

distribution shifts toward smaller values of displacements.

When the external force is 0.6 pN, the highest peaks occur at

16 and 32 ¼ 2 3 16 nm, whereas the count of 24-nm steps

becomes significantly smaller, indicating that the 24-nm

steps become less frequent and 16-nm steps are more abun-

dant. When the external force is large (close to the maximum

stall force of 1.1 pN) dynein takes 8-nm steps. These results

are in good agreement with experiments, given that the dif-

fusion constant of dynein was taken from independent ex-

periments of Wang and Sheetz (29).

DISCUSSIONS

The dynein as a gear and its
thermodynamic efficiency

A simple model is presented in this article to study how

dynein functions as a gear in response to external force when

FIGURE 4 Calculated traces of dynein motion in the

presence of various ATP concentrations and various

constant external loads. Each of the traces represents a 2-s

trajectory. Therefore, the final positions on the trajectories

indicate the velocity.

FIGURE 5 The speed of dynein motion averaged from five 2-s

calculations as a function of external load for various ATP concentrations

(from top to bottom, 5, 1, 0.6, 0.4, and 0.2 mM, respectively).

FIGURE 6 Stall forces obtained from linear fits of data on the external

force dependence of dynein speed (such as those given in Fig. 4) as a

function of ATP concentration. The experimental data are from Iyadurai et al.

(20). The calculated data were fitted to a function Fstall¼ 0.221 1.02[ATP]/

(0.48 1 [ATP]), in units of piconewtons.
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it transports cargoes along microtubule. One of the essential

elements of this model is that the chemical reaction is not

tightly but loosely coupled to the physical translocation of

dynein. The loose coupling between the chemical reaction

and the linear motion of dynein along the microtubule is

modeled by invoking two reaction coordinates, x and a. The
former is used to describe the displacement of dynein on the

microtubule and the latter serves as the reaction coordinate

for the conformational change that controls the rates of

chemical transitions. The chemical energy restored in ATP

is released through these chemical transitions that include

ATP binding, ATP hydrolysis, and ADP-Pi release and

drives the conformational changes of dynein in both x- and
a-coordinates. The motions along the two reaction coor-

dinates are largely independent except that the conformation

of dynein motor domain, described by the a-coordinate,
influences the binding affinity of dynein to microtubule.

Because the force applied against the motion of dynein

changes the potential energy surface along the x-coordinate
and slows down the translocation of dynein along the

microtubule but does not directly affect the conformational

change along the reaction coordinate a, the relative speed of

motion along the two coordinates vary with the external load.

When the external force is small, dynein moves a long

distance in the x-direction before its conformational change

in the a-coordinate permits it to rebind microtubule. In the

presence of a large external load, which decreases the driving

force and slows down the motion in the x-direction, a cycle
of conformational changes in the a-coordinate completes

after a short displacement along x. Therefore, a smaller step

size is observed.

The above argument can also be seen as follows. In

the presence of a constant external force Fext, which has

a positive sign when it is applied opposing the motion of

dynein, the potential energy profile (c.f. Eq. 1) along the

x-coordinate reads

Vx;ATPðxÞ ¼ KPS

2
ðx � xd � dmaxÞ2 1Fextx: (4)

The minima of such a potential is located at xmin, where

xmin ¼ dmax 1 xd � Fext

KPS

: (5)

The average step size under this condition is then

xmin � xd ¼ dmax � Fext

KPS

; (6)

which decreases linearly with the applied force. Due to the

periodicity of the dynein/microtubule interaction, the step

size of dynein takes values of multiplicities of 8.1 nm. Using

dmax� 30 nm andKPS� 0.04 pN nm�1 and Eq. 6, the average

step size can be calculated. For example, one can estimate

from Fig. 8 b that the dominant step size is 32 nm when the

external force is between 0 and 0.08 pN. It becomes 24 nm

when Fext is between 0.08 and 0.4 pN and further decreases

to 16 nm when Fext is between 0.4 and 0.72 pN. It finally

reduces to 8 nm when Fext is.0.72 pN. This estimation is in

excellent agreement with experimental results, which showed

that the averaged step size is;25 nm for steps taken against

external forces between 0 and 0.4 pN and is 16 nm for steps

taken against external forces between 4 and 0.8 pN (21). The

step size averaged over steps taken against a 0.8 pN or larger

external force is 8 nm. The above can be explained in an

approximate fashion through Scheme A1, where the free

energy of binding of a poststroke dynein is represented by

a saw-tooth-like potential (in the calculations a Morse type of

FIGURE 7 Pairwise distribution functions

calculated in the presence of an external load

of the magnitude of (top left) 0 pN, (top right)
0.4 pN, (bottom left) 0.6 pN, and (bottom right)

1.0 pN. The ATP concentration is 1 mM for the

top two panels and the bottom left panel, and

is 5 mM for the bottom right panel.
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potential with the same periodicity was used) and the

prepowerstroke state potential is represented by the long-

dashed curves. The conformational change in the a-coordinate
is represented by the size of the shaded sphere and the

translocation of dynein is along the x-direction. ATP binding

(and/or ATP hydrolysis) removes dynein from the saw-tooth

potential and generates the powerstroke for the translocation

of dynein. The rebinding of dynein to the microtubule de-

pends on the a-conformation of dynein (the size of the sphere

in Scheme A1).When the external force is small, dynein trans-

locates a long distance before it can rebind the microtubule,

whereas when the external force is large, dynein rebinds mi-

crotubule after a short displacement (in Scheme A1, the size

of the sphere is small enough for it to drop from the dashed

curve to the solid saw-tooth-like line).

In principle, the decrease of the translocation speed with

increasing external load (Fig. 5) can be either due to the

slowed chemical transitions (e.g., through force-dependent

ATP binding and/or ATP hydrolysis), or due to the slower

walking speed of the motor, whichever is the rate-limiting step

(34). Or, it can be resulted from a decreased step length with

the turn over rate of ATP unchanged. To understand the origin

of the linear dependence of the translocation speed on the

external force, the rate of ATP hydrolysis is calculated as a

function of the external forces. As seen from Fig. 8 a, the rate
of ATP hydrolysis is largely constant in the external range

of 0–1.1 pN. One can conclude from these observations that

the decrease of the translocation speed of dynein in the

presence of external forces is primarily due to the smaller step

size under these conditions. This explanation of the force

dependence of dynein motion is consistent with the experi-

ments on the inner-arm axonemal dynein, which shows that

even at very low concentrations of ATP (5 mM, so that ATP

binding is rate limiting and the turnover rate of ATP is not

influenced by the external force) the speed of motion de-

creases (as mentioned earlier, almost linearly) with increasing

external force (33).

The average step size per ATP hydrolyzed can be

calculated as the ratio between the velocity of translocation

and the rate of ATP hydrolysis and is shown in Fig. 8 b,
along with the result predicted by Eq. 6. The agreement

between the step sizes calculated as the ratio between dynein

speed and ATP hydrolysis rate and those predicted by Eq. 6

indicates that the hydrolysis of every ATP molecule leads to

an attempt of forward motion, at least in the external force

range of 0–1 pN. Moreover, under the assumption that the

ATP turnover rate is insensitive to force, the experimental

observation of a linear dependence of translocation speed on

the external force for inner-arm axonemal dynein (33) would

also indicate that the step size for a single step linearly

depends on the external force, which is consistent with the

results shown in Fig. 8 b and thus also with Eq. 6.

Although Eq. 6 predicts a step size larger than 32 nm when

an external force is applied in the direction of dynein motion,

one should be careful in drawing such a conclusion. At least

when the assisting force is very large, there should be a

structural limitation on how large a step the dynein can take,

e.g., the interaction between the two heads of the dimeric

dynein will certainly add constraints on how far they can be

separated when one of the two is tightly bound to the

microtubule. Nevertheless, it would be interesting to test this

feature of this model by experiments.

SCHEME A1 A schematic diagram illustrating the potential energy sur-

faces of dynein binding to microtubule as well as the motions along two re-

action coordinates (see text for detailed discussion).

FIGURE 8 (a) Rate of ATP hydrolysis as a function of external load.

(b, solid circles) Step sizes of dynein calculated as the ratio between the

speed of dynein and the ATP hydrolysis rate; (line) average step size of

dynein calculated using Eq. 6. (c, solid circles) Calculated thermodynamic

efficiency using data points given in panel b; (curved line) calculated

thermodynamic efficiency using Eq. 7; (straight line) thermodynamic

efficiency of a tight coupling motor (such as kinesin) with a step size of 8.1

nm. The thermodynamic curve is only shown in the low external force for

kinesin, because the chemomechanical coupling ratio is not determined at

high forces, although the forward/backward ratios have been determined.

The thermodynamic efficiency should also take a bell shape and will

eventually vanish at its stall force (;8 pN).
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A variable chemomechanical coupling ratio of dynein

optimizes the thermodynamic efficiency in its cargo trans-

portation in cells (21,22), which is analyzed in the following.

Although the maximum thermodynamic efficiency that a

dynein can achieve is much smaller than that by a kinesin,

the larger steps that dynein takes in the presence of small

external load makes dynein more efficient under these con-

ditions. The thermodynamic efficiency of a dynein can be

calculated as h ¼ Fextx=nDG, where x is the step length of

dynein, n is the average number of ATP molecules hydro-

lyzed per step taken, and DG is the chemical energy available

from the hydrolysis of an ATP molecule. It has been shown

earlier that the hydrolysis of every ATP leads to a single step,

thus n ¼ 1. Making use of Eq. 6, h can now be written as

h ¼ 1

DG
ðFextdmax � F

2

ext

KPS

Þ: (7)

In contrast, the thermodynamic efficiency of a tightly

coupled motor such as kinesin is written simply as h ¼
Fextd=DG and d ¼ 8:1 nm: Because dmax . d, the thermody-

namic efficiency is obviously larger for a dynein than for a

kinesin when the external load Fext is small. The thermody-

namic efficiencies of dynein and kinesin are compared in

Fig. 8 c for different values of external loads. The thermo-

dynamic efficiency of dynein shown in Fig. 8 c was obtained
using h ¼ Fextdave=DG, where dave is average step length of

dynein from Fig. 8 b as well as using Eq. 7. One noticeable

feature of the dynein thermodynamic efficiency is that it is

significantly larger than that of kinesin in the presence of

smaller external load and is approximately constant when the

external force is in the range of 0.2–0.8 pN.

In summary, this model predicts that dynein possesses a

chemomechanical coupling mechanism that is both tight

and loose. It is tight in the sense that the hydrolysis of every

ATP molecule leads to a linear motion of the dynein so that

higher ATP concentrations prevent dynein from sliding

backward at small external forces (see Fig. 1 of Mallik

et al. (21)), and is loose in that the length of step that dynein

takes with every ATP hydrolyzed varies with external load.

ATP hydrolysis without taking a step along microtubule

is avoided by the ‘‘tight’’ coupling between the chemical

reactions and the conformational change of dynein in a. On
the other hand, the loose coupling between linear motion of

dynein along the microtubule and the chemical reaction leads

to a variable step length. The interplay of the tight and loose

coupling discussed above makes dynein an efficient motor,

in particular in the low external load regime. This unique

chemomechanical coupling mechanism of dynein is likely to

play important roles in living cells. The external force that

a dynein has to work against in cells is more likely to be

frictional than to be conservative unless the transportation is

against a chemical potential gradient. When the force is

purely frictional, the free-energy profile as a function of the

x-coordinate is not altered by changes in friction. As a result

the step size, dynein is capable of transporting cargoes of

different frictions, thus of different sizes and/or shapes, with

large steps and thus also a high efficiency. On the other hand,

when the pathways of a dynein and a kinesin cross (they share

the same track but move in opposite directions (1,3,23,35))

because kinesin can sustain a larger external force whereas

dynein can take a longer step, dynein may be able to move to

the side (bind to a different protofilament) and clear the road

for kinesin. Therefore, a traffic jam can be avoided without

losing the transportation of cargoes.

ATP concentration dependence of the stall force

As mentioned earlier, the stall force of dynein shows a strong

dependence on the ATP concentration. The experimentally

measured stall force at saturating concentrations of ATP is

;1.1 pN and decreases to ;25% of this value at low

concentrations of ATP (;0.1 mM) (21). The experimental

data (21) also show that when the external force approaches

the stall force, the motor, instead of becoming immobile on

the track, slips backward along the microtubule. The smaller

force at which dynein starts to slip backward at lower ATP

concentrations suggests that the overall binding of dynein to

the microtubule is weaker at lower concentrations of ATP. It

has been observed experimentally (29) that in the absence of

nucleotide, there is very little diffusive motion of dynein on

the microtubule track. With the presence of AMPPNP or ADP

in solution, dynein also keeps strongly bound to the micro-

tubule (29). However, when ATP is added to the system,

besides directional translocation of dynein along the micro-

tubule track, a significant portion of dynein molecules diffuse

in both directions along microtubule. Because dynein with

an ADP or an AMPPNP (an analog of ATP that does not

hydrolyze) bound to the catalytic site has a high binding

affinity to microtubule, the diffusive dynein species (dyneins

that are weakly bound to microtubule) are likely generated

after the hydrolysis of ATP and release of ADP. The confor-

mation of the diffusive dyneins should also be different from

those generated in the absence of nucleotide because the latter

bind strongly to microtubule (29). A kinetic scheme that ex-

plains the observations mentioned above is given as follows:

DðD�Þ1ATP4ðD:ATPÞ4ðD:ADP:PiÞ
4ðD:ADPÞ1 Pi4D

� 1ADP1 Pi4D1ADP1 Pi

In the above kinetic scheme D* and D are both nucleotide-

free dynein. D* is produced from the release of hydrolysis

products and binds microtubule weakly. D binds microtu-

bule strongly and has a conformation similar to that prepared

in the absence of nucleotides in solution. Binding of ATP

to both D and D*, although the rate constants might be

different, generates a power stroke for the motion of dynein

along the microtubule track.

The different species D* and D and their different binding

affinities are represented in this model by different values of

a. The binding between dynein and microtubule depends not

only on the distance between dynein and its binding site on
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microtubule but also on the conformation of dynein that is

described by the reaction coordinate of conformational

change, a. The a-values of the newly produced nucleotide-

free dynein from the hydrolysis of ATP and the release of

ADP-Pi are such that the dynein only binds microtubule

weakly (see Eq. 14). The transition of D* to D is thus driven

by the stronger binding of D to the microtubule.

When ATP concentration is high, the binding of ATP to

dynein including D* is fast and the lifetime of the weak

binding species D* is short. This shortening of the lifetime of

the weak binding species reduces the probability for a dynein

to take a backward motion under the influence of the external

force. On the other hand, when ATP concentration de-

creases, the binding of ATP to D* is less frequent, and D* is

subject to backward movements in the presence of small

external loads. Therefore, the lower the ATP concentration,

the more frequently does the backward motion occur and on

average the smaller is the stall force.

APPENDIX

Potential energy functions

The expressions of potential energy functions Vðx;a; iÞ for each of the

chemical state i as well as other parameters used in the calculations are listed

and discussed in this Appendix. For simplicity and to take into account the

loose coupling between the motions along the two coordinates x and a, the

potential energy of ATP and ADP states is assumed to take the form

Vðx;a; iÞ ¼ Vxðx; iÞ1Vaða; iÞ; (8)

where i represents either the ADP or the ATP state. To take into account the

fact that a dynein at an ADP state binds strongly to the microtubule, and that

the binding between dynein and microtubule has a periodicity of 8.1 nm,

Vx(x;ADP) is further assumed to be a Morse-type function and that the

binding is the strongest at lattice sites k (of positions xk), so that

Vxðx;ADPÞ ¼ VADP

�
1�+

k

e�ðx�xk
d

Þ2
�
: (9)

VADP in Eq. 9 is a constant describing the strength of binding and d is

a constant that describes the decay length of the binding strength. Because it

is known that dynein binds to the b-tubulin only (5,23), d is taken to be half

of the length of a tubulin monomer, which is;2 nm. A VADP of 5 kcal/mol is

used in the calculations to be consistent with the tight binding between the

ADP state of dynein and the microtubule. The exact value of VADP has little

influence on the experimental results as long as it is 5 kcal/mol or larger.

When the system is at a prestroke state (in this scheme, the ATP state,

although the assumption of any chemical state to be the prestroke state has no

effect on the results of this article, except that the notation should be changed),

a power-stroke term should be present in Vx(x;ATP). In this study, a quadratic

function is used to describe this prestroke free-energy term and for simplicity

the binding at the microtubule lattice sites are neglected, because it is known

that ATP binding releases dynein from microtubule (5). As a result,

Vxðx;ATPÞ ¼ Kps

2
ðx � xd � dmaxÞ2: (10)

In Eq. 10, xd is the position of dynein on the coordinate xwhere ATP binding

occurs. The values of KPS and dmax are given later.

We note that the quadratic function used here lacks the periodicity of the

microtubule lattice, which would be required for a single particle diffusing

on a track with a perfect translational symmetry. This symmetry can be

broken either due to the structure of the microtubule, or it could be due to the

interactions between the two monomers that are forming the dimeric motor

protein. In the following, we illustrate how a potential of the form of Eq. 10

may arise due to the interactions between the two ‘‘heads’’ of a dimeric

protein. We note that the exact nature of how the translational symmetry is

broken has no influence on this model. It is well known that both myosin

V and VI take steps that are multiple (but probably a constant number of)

actin unit lengths. For a dimeric construction of dynein, the free energy of

binding can be written as

Vðx1; x2Þ ¼ Vbðx1Þ1Vbðx2Þ1Vintðx1; x2Þ: (11)

In Eq. 11 V(x1,x2) is the free energy of the dynein when it is bound with

microtubule, Vb(x1,2) is the binding energy between head one/two (at

position x1,2) and the microtubule and has a periodicity of 8.1 nm, and

Vint(x1,x2) is the energy that arises from the interaction between the two

heads. When Vint(x1,x2) is assumed to be a function of the distance between

the two heads, it can be further written as Vint(x1�x2). In the prestroke state

of head one, it only binds the microtubule weakly (so that it can move along

the microtubule). On the other hand, when head one detaches from

microtubule the second head should bind the microtubule strongly so that the

dynein molecule does not diffuse away from the track. As a result the term

Vb(x1) can be neglected in comparison with Vb(x2) in Eq. 11. Further,

because the very strong binding of the second head to the microtubule, x2can
be approximated as a constant. The interaction term Vint(x1�x2) can be

rearranged as Vint(x11x2�2x2). Because (x11x2)¼2x, where xis the position

of the center of mass of dynein on the microtubule, the free-energy function

when one of two heads is at a prestroke state can be written as

Vðx; x2Þ ¼ Vbðx2Þ1V9intðx � x2Þ: (12)

Because one can use x2 to define the initial position of dynein (pre-prestroke

state or poststoke from the previous cycle) and x2 is constant, one can further

write Eq. 12 as V(x) ¼ V(x�x2). When a quadratic function is assumed for

V(x), one has Eq. 10.
The free-energy term Vaða; iÞ is simply written as a quadratic function

of a,

Vaða; iÞ ¼ Ka;i

2
ða� aiÞ2: (13)

In Eq. 13 Ka;i is a constant and ai denotes the location of the free-energy

minimum of state i. Without any loss of generality, one can write the lo-

cation of the free-energy minima for the ATP and empty states as aATP ¼ 1

and aemp ¼ 0, respectively. The minimum free energy of the ADP state is

assumed to occur at a value between 0 and 1, say aADP ¼ 1=2. Its exact

position has very little influence on the calculated results. In this description,

during every cycle of ATP hydrolysis reaction the minima of the potential of

mean forces changes from 0 to 1 (binding of ATP) and then back to 0 again

(release of products). Each of the chemical transitions is assumed to occur

with a probability distribution peaked at the free-energy minima of its initial

(reactant) state. A same value is used for the parameter Ka;i for all states.

This value of Ka;i is chosen to be 15 kcal/mol/(unit length in a), so that the

total free-energy change (the free-energy drop due to the power stoke plus

the free-energy change along the a-coordinate) is close to the free energy

available from the hydrolysis of one ATP molecule at cellular concen-

trations, which is ;11.6 kcal/mol. The exact value of Ka;i has very little

influence on the calculated results.

As discussed in the main text, to account for the weak binding between

dynein and microtubule in the poststroke state, the binding of an empty

dynein and a microtubule is taken to be dependent on the dynein position

along the x- as well as the a-coordinates. To take into account this property

of dynein and for simplicity, the potential energy surface of an empty state is

written as

Vðx;a; empÞ ¼ VempðxÞVa;empðaÞ: (14)
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The VempðxÞ is taken to be the same as that given in Eq. 9 and Va;empðaÞ is
also taken to be aMorse-type potential with a minimum at a ¼ 0 and a decay

length of 0.5, so that the binding of the empty dynein to microtubule is weak

when a is removed from 0, the free-energy minimum of the empty state.

Maximum stall force and the power stroke
generated by ATP binding

At vanishing external forces dynein takes steps of step lengths of a mixture of

16, 24, and 32 nm, with 32 nm being the largest step length observed in the

experiments. A value of dmax ¼ 30 nm was estimated based on these exper-

imental results (21). This value of dmax is also consistent with other exper-

imental observations (28). At high concentrations of ATP, the forward motion

of dynein ceases when the applied force is large enough to cancel with the

driving force produced by ATP binding. Therefore, when the externally load

approaches the stall force, the step length of dynein approaches zero and the

minima of the free energy of the ATP bound state moves toward xd, namely

dðVx;ATPðxÞ1FextxÞ=dx ¼ 0 at x ¼ xd. The maximum stall force Fs,max at

saturating concentrations of ATP was obtained from the experiments to be

;1.1 pN. When a potential in the form of Eq. 10 is used, KPS is estimated to

be ;0.02 pN nm21 based on the values of dmax and Fs;max.

Rate parameters and diffusion constant

The binding rate constant of ATP to the dynein is taken to be kT ¼ 73 105

M21s21, a value estimated from experiments (4) and is assumed to be the

same for all values of a. When the experimentally measured Kd value of

;40 mM (35) was used, the ATP release rate is 30 s21 at a ¼ 0 and x ¼ xk,
where xk is the position of the dynein binding site on the microtubule. The

rate of ATP release at any other point (x, a) is calculated using k2Tða; xÞ ¼
k2TexpððDVa;x2DV0Þ=kBTÞ, where DVa;x is the energy difference between

the ATP bound state and the empty state at the given a and x, and DV0 is its

value at a ¼ 0 and x ¼ xl, xl being the position of the dynein binding site on

microtubule at which ATP binding occurs. The maximum rate of ADP

release (at a ¼ 1) is assumed to be 50 s21. Because for most protein motors

the Pi release rate tends to be large, it is assumed to be .100 s21. The rate

constant kij for the chemical transition of i/j in the case of Pi and ADP

releases are both assumed to follow kij ¼ k0ijexpð2ða2aiÞ2Þ, where k0ij is the
maximum rate constant at a ¼ ai. Both ADP and Pi binding was neglected

in this study. The reason of assuming that the ADP and Pi release occurs

with the highest rate only at certain values of a is to avoid chemical

transitions to occur without taking physical steps.

The diffusion constant Dx was taken as the experimental value, which is

;2 3 104 nm2 s21(29). The value of Da is taken as 0.001 Dx, to make the

time for a diffusion of 32 nm in the x-direction to be similar to the time it

takes for the diffusion in the a-direction from 0 to 1. Although the exact

value of Da ; 0.001 Dx has only minor influence on the calculated results,

aDa much larger than the value used here reduces the step size of the dynein

even at very small forces, resulted from a too-fast ATP hydrolysis compared

to the physical translocation. A very small Da (,0.0001 Dx), on the other

hand, makes the overall reaction too slow and the speed of translocation is

smaller than the experimental value. However, because the effect of

choosing a larger Da can be canceled by choosing a smaller chemical rate

constant (in particular, the release rate of ADP), one should emphasize too

much the exact values of these parameters.

Different behavior of different species of dynein

Experiments on dyneins of different origins revealed very different mechanical

properties. For example, the inner-arm axonemal dynein (18) and the brain

cytoplasm dynein 1 (28) considered in this study has a maximal stall force of

1–2pN,whereas both theouter-armdynein (19) and theyeast cytoplasmdynein

have a stall forceof 5–7pN, very close to that of a kinesin.The inner-armdynein

but not the outer-arm dynein shows a linear dependence of microtubule gliding

speed on the external force and the latter has a velocity-force curve that is

downwardly convex (19). In a recent work on Saccharomyces cerevisiae

cytoplasm dynein (36) it was found that MgADP is almost as efficient as

MgATP in dissociating dynein from microtubule, which suggests that the

dynein ADP state binds weakly to the microtubule. In that case, the backward

motion of theADP state should also be taken into account.At the zeros-order of

approximation, it seems that the brain cytoplasm and the inner-arm dyneins are

similar in their mechanical properties, although they have very different

molecular construct. This model for the brain cytoplasm dynein 1 may also be

applicable to an inner-armdynein, but is less likely to be applicable to outer-arm

or yeast cytoplasm dyneins.

Cooperativity between monomers

Due to the lack of structural information and experimental data on the

interaction between the two heads of the dimeric cytoplasm dynein 1, instead

of treating the movement of the two heads on the microtubule separately, the

dynein is treated in this study as a single Brownian particle moving along the

microtubule track. To understand more details of the motion of dynein, e.g.,

to distinguish a hand-over-hand mechanism from an inchworm one, a more

detailed model with two interacting heads is in demand. Because the state of

the binding of one head to the microtubule sets constraints on the motion

(both along the track and off the track) of the second head, the inclusion of

two heads explicitly in the model is also necessary for the understanding

of processivity of this motor protein. It may also influence the fluctuation of

position of the dynein and its motion on the track.
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