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Model for the unidirectional motion of a dynein molecule
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Cytoplasmic dyneins transport cellular organelles by moving on a microtubule filament. It has been found
recently that depending on the applied force and the concentration of the adenosine triphosphate molecules,
dynein’s step size varies. Based on these studies, we propose a simple model for dynein’s unidirectional motion
taking into account the variations in its step size. We study how the average velocity and the relative dispersion
in the displacement vary with the applied load. The model is amenable to further extensions by inclusion of
details associated with the structure and the processivity of the molecule.
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I. INTRODUCTION

Dynein is a motor protein that moves on a microtubule
filament to participate in certain activities inside a cell such
as transport of vesicles, cell division, etc. [1]. Dynein moves
toward the negative end of the microtubule and this feature is
used by the cell, e.g., for the transport or aggregation of
cellular organelles toward the nucleus of the cell. Based on
their activities, dynein molecules are classified into two
groups, namely, axonemal dynein and cytoplasmic dynein.
Of these two, the axonemal dyneins work together in groups
to produce rhythmic motions of cilia and flagella. The cyto-
plasmic dyneins, in which we are interested, perform, either
in a group or alone, the job of transport of cargoes such as
cytoplasmic vesicles, chromosomes, etc., along the microtu-
bule filaments. Besides these dyneins, there are other kinds
of motor proteins such as kinesin and myosin which are mi-
crotubule positive end directed and actin filament based, re-
spectively. These motor molecules also perform similar jobs
as dynein. However, in comparison with these motors, dy-
nein molecules are exceptionally large and complex.
Roughly, the dynein molecule consists of two to three heavy
chain units each of which has a globular head domain (ap-
proximately 15 nm diameter) with special sites capable of
adenosine triphosphate hydrolysis, and two elongated struc-
tures known as stalk and tail. The stalk and the tail bind the
microtubule and the cargo, respectively. Because of the size,
and also the difficulties in expressing and purifying the mu-
tants, the progress in understanding the mechanism of dy-
nein’s motion [2—4] is slow.

In general, the movement of a motor molecule takes place
in the following way. The adenosine triphosphate (ATP) mol-
ecule, which diffuses in the solution inside the cell, can get
attached to specific regions or active sites in a motor’s head.
The motor molecule is capable of catalyzing a decomposi-
tion (hydrolysis) of this ATP into adenosine diphosphate
(ADP), inorganic phosphate (P;), and a significant amount of
energy. This energy, so released, causes a conformational
change in the molecule resulting in a motion relative to the
microtubule. This process of hydrolysis repeats if the ATP
concentration is sufficiently high and the motor molecule
moves forward. In the case of dynein, the head domain con-
sists of several sites at which ATP binding and unbinding or
hydrolysis may take place. Although the details of the func-
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tional roles of these sites are still under investigation, it is
believed that these sites are capable of controlling and regu-
lating the motion of the dynein molecule.

Since the activities of motor proteins are force driven, it is
important to know the response of the motion of the motor
molecule to an externally applied force. The force generated
by a motor molecule can be measured in single molecule
experiments. For example, in optical trap experiments, a mo-
tor molecule is attached to a polystyrene bead which acts as
a probe to monitor the movement of the motor molecule. The
force on the bead due to the motor molecule is counteracted
by a controlled backward force from the optical trap. The
bead stays immobile if the backward force is strong enough
to resist the force generated by the motor. The minimum
force needed to hold the bead immobile is the stall force
which is a measure of the force generated by the molecule.

An applied force, F, can affect the velocity in the follow-
ing way. In general, a motor molecule moves due to the
internal conformational changes and these conformational
changes occur due to events such as ATP attachment or de-
tachment and ATP hydrolysis. The process of ATP attach-
ment is also dependent on the concentration of the ATP mol-
ecules inside the cell. These events take place with certain
probabilities which determine their average rates. The exter-
nal force may give rise to internal deformations because of
which the ATP attachment or detachment rate and the hy-
drolysis rate change, thereby changing the average velocity,
v, of the molecule. Thus, studying the force-velocity rela-
tionship both theoretically and experimentally is crucial for
predicting how exactly various processes are affected by the
force. In addition to this systematic force, there can be ther-
mal noise which also affects the velocity of dynein by chang-
ing different rate constants. In the case of such a stochastic
displacement of the molecule, it is possible to define an ef-
fective diffusion constant D =[{(x*(1))—{x(1))*]/(2¢) which
is a measure of the fluctuation in the displacement. Here,
(--+) denotes the statistical average. In terms of this diffusion
constant, one can also define a natural time scale a?/Dq
which is the time required for the molecule to diffuse a natu-
ral length scale, a. The distance traveled during this time due
to the drift velocity v is v X a*/D.g. The ratio of these two
distances is often referred to as the randomness parameter
[5.6]
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r=2Dlav. (1)

This parameter derived earlier for kinesin has been found
useful for understanding the internal mechanism of the mol-
ecule.

From the structural studies of dynein, it is believed that
the dynein based transport in the cell is quite different and
robust in comparison with other motors. However, experi-
mentally, the mechanism of dynein’s function is not yet fully
understood. For example, a recent experiment [4] that dem-
onstrates 8 nm step size for a cytoplasmic dynein contradicts
an earlier observation [3] that the step size of dynein in-
creases from 8 nm to 16, 24, and 32 nm as the strength of the
applied force reduces. Various step lengths found in [3] are
multiples of a unit step size a=8 nm, which corresponds to
a certain periodicity of the microtubule filament. In addition,
the results of [4] on the average velocity of dynein and the
value of the stall force are significantly different from those
of Ref. [3]. A single molecule experiment on axonemal dy-
nein has also demonstrated stepwise displacements of 8§ nm
size [7]. In view of these differences, a theoretical model that
can take into account the wide step size variation of the
molecule and can predict how, in this case, the velocity de-
pends on the applied force appears meaningful. In addition,
this analysis, which is going to be based on several assump-
tions on how various sites in a dynein’s head participate in
regulating the motion, is expected to help explain the mys-
terious roles of these sites. Although some theoretical work
has been done to understand various activities of dynein,
such as rhythmic beating of axonemal dyneins [8], unidirec-
tional motion of dyneins [9,10], and geared motion of dynein
to explain its force-dependent step size [11], so far there has
been no analytical approach to understand how the variable
step size can affect the average velocity.

Based on the recent structural observation, we propose a
model in which one can incorporate 8 nm and other longer
jumps and study how this wide variation of the step size
affects the average velocity. In case of variations in the step
size, one needs to do a detailed fluctuation analysis to obtain
the distributions of the step length and the number of steps in
a given time. The definition of the randomness parameter in
Eq. (1), therefore, needs to be modified appropriately, possi-
bly, by the inclusion of an average step length. However, in
terms of a as the smallest step, the randomness parameter
helps us observe how the step size variation affects the fluc-
tuation in the displacement of the molecule. Although, for
simplicity, we include only a few essential structural and
mechanochemical details [9], the model is flexible enough to
incorporate other details.

The paper is organized as follows. In Sec. II, we discuss
the basic assumptions based on which the model is built. The
analysis of the model is presented in Sec. III. Section III is
divided into two subsections as we consider different vari-
ants of the model by including longer jumps of the dynein
molecule. We conclude the paper with a summary of the
work in Sec. IV.

II. BASIC ASSUMPTIONS OF THE MODEL

It is known that the dyenin’s head domain consists of six
subdomains of the AAA family of proteins arranged in the
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form of a ring around a central cavity [12]. Out of these
AAA subdomains, only four are capable of ATP binding with
varying binding affinities [13,14]. ATPase activities of these
different AAA subdomains are subjects of experimental in-
vestigations. Although AAAL1 is believed to be the primary
site of ATP hydrolysis which powers the motion of the mol-
ecule, recent experimental observations support hydrolytic
activities of other AAA subdomains [14-16]. Some of the
studies elucidating the functional roles of the AAA subdo-
mains indicate that other AAA subdomains may play various
regulatory roles by altering the hydrolysis of the primary site
and subsequently affecting the molecular function, or by
modulating the efficiency of the coupling between the micro-
tubule binding site and the primary site [13,14,17]. In our
analysis, we call the subdomains AAA2-AAA4 secondary
sites.

In view of the inherent complexity of dynein and our
evolving understanding of how various components of the
molecule function, it appears worthwhile to propose a model
with the following assumptions.

(1) For our entire analysis, we assume the dynein mol-
ecule to be effectively single headed [9]. Studies on head-
head coordination [18] during the processive movement of
dynein suggest that similar to kinesin and myosin, the rear
head of dynein may sense a pulling force from the forward
head and this force may modulate the kinetic steps appropri-
ately to coordinate the forward motion. The hydrolysis pre-
sumably takes place alternatively in each head and at a given
step a single head proceeds forward in a hand-over-hand
fashion. Since these details of the head coordination are not
an issue here, both the heads can be thought of as a compos-
ite object—a single head. The effect of the pulling force in
the ATPase activities of the head is assumed to be incorpo-
rated through the rates. The two-head problem can be studied
if additional information is known about how the force ex-
actly modulates the kinetic steps in the head.

(2) We assume that there are only two ATP binding sites
(subdomains) of which one is a primary site (P) and the
other one is a secondary site (S). This is modified later by
including more numbers of secondary sites.

(3) In our analysis, only the primary site is capable of ATP
hydrolysis. It is possible to incorporate hydrolytic activities
of other secondary sites considering that such additional hy-
drolysis may change the driving force or the regulatory
mechanism of dynein. We plan to consider these processes in
our future analysis elsewhere.

(4) Rates of binding or unbinding of ATP to or from the
primary site are denoted by ki, 1, Koy, respectively. Sub-
scripts 2 and 3 with these rates imply binding or unbinding
processes at the secondary sites. It is assumed that the pri-
mary site has the highest affinity to the ATP molecule. There-
fore, if the primary site is empty, it first gets filled even in the
presence of an empty secondary site. Similarly, ATP unbind-
ing from the primary site does not take place if there are
occupied secondary sites. These rules hold throughout the
entire analysis.

(5) To start with, it is assumed that ATP hydrolysis at the
primary site causes the dynein to jump the smallest distance
a=8 nm. This can be modified further. The distance a dy-
nein molecule can jump after a hydrolysis can change de-
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FIG. 1. Various moves of the dynein molecule, considered in the text, are shown here. AAA subdomains or ATPase activity sites are
represented by circles. The filled, shaded, and unfilled circles represent ATP occupied primary site, ATP occupied secondary site, and empty
primary or secondary site, respectively. Various moves take place after hydrolysis in the primary site with the rates as indicated in Eq. (2).
(A1), (A2) A jump by a distance a always. The dynein molecule is assumed to have two active AAA subdomains. (B1), (B2) The molecule
jumps a distance a (or 2a) when the secondary site is in an ATP-bound (or ATP-unbound) state. The dynein molecule has two active AAA
subdomains. This case has been discussed in Sec. IIT A 2. (C1)—(C3) Three possible moves of lengths a, 2a, and 3a depending on the number
of ATP-bound secondary sites. The dynein molecule has three active AAA subdomains. This case has been discussed in Sec. III B.

pending on whether the secondary site is occupied or unoc-
cupied. If the secondary site is occupied, the dynein
molecule jumps a distance a after a hydrolysis. In case the
secondary site is unoccupied, the dynein molecule moves 2a
distance ahead at a time after a hydrolysis. In the presence of
two secondary sites, the dynein can jump 3a distance at a
time after one hydrolysis if both secondary sites are empty.
Jumps of length 2a or a are possible if one or both of the
secondary sites are occupied, respectively. The hydrolysis
processes, which trigger jumps of length a, 2a or 3a, take
place at rates kg, 1, kear 2. and ke, 3, Tespectively. A schematic
diagram, indicating various moves described here, is pre-
sented in Fig. 1.

(6) Our analysis is based on the assumption that the time
required for a transition is much smaller than the time be-
tween two successive transitions. In addition, we also as-
sume that the thermal relaxation of the molecule after a tran-
sition is much faster compared to the transition rate [19,20].
This allows us to assume quasiequilibrium for transitions
from one state to the other over various free energy barriers.
At temperature 7, the rate constants are, therefore, expected
to depend exponentially on [FD/(kgT)], where D is an ap-
propriate parameter in the units of length and kj is the Boltz-
mann constant. Our next assumption is related to the explicit
dependences of various rate constants on the load.

(7) Tt is expected that the mechanochemical cycle is af-
fected by the applied load, in particular, since we know that
the motion of the motor comes to a halt when the applied

opposing force is sufficiently high. One way of implement-
ing this load dependence is by considering a load-dependent
hydrolysis rate as

keari = A($)kear o expl— aFd(s)/kpT], ()

where i=1,2,3 and d(s)=i X a is the distance the molecule
jumps after the hydrolysis. k., is the hydrolysis rate for no
load. «a is the load distribution factor for hydrolysis. In gen-
eral, there is no restriction on the sign of a. Here, it is more
intuitive to assume « to be positive since the hydrolysis rate
should decrease with the increase in the opposing external
force. There exists, however, one restriction on « that the
sum of the load distribution factors for hydrolysis and re-
verse hydrolysis should be unity. The possibilities of reverse
hydrolysis are not taken into account in order to appreciate
the crucial features of the results when the number of param-
eters is less. ATP hydrolysis is assumed to be enhanced if at
least one secondary site binds ATP. This is taken care of by
A(s) which is 1 if the secondary site is ATP-bound and is
equal to 0.01 otherwise. In the case of jumps by only a dis-
tance a, we have only one hydrolysis rate &, ;, irrespective
of whether the secondary site is occupied or unoccupied by
an ATP molecule. In this case, A(s)=1 always. In the case of
jumps by distance a or 2a, we choose the values of A(s) as
prescribed here.

As has been proposed earlier [9], we also assume that the
ATP binding affinities of the secondary sites are dependent
on the load as
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kon,2—4 = kon,2—4(F = O)CXP(FdO/kBT) s (3)

where d,, is an adjustable parameter in the units of length.
For obtaining all the results, we choose the value of d, to be
the same as that in Ref. [9].

III. ANALYSIS OF THE MODEL

The forward motion can be described through equations
that describe time evolutions of certain variables on a one-
dimensional lattice. A variable, here, represents the probabil-
ity of a molecule being at a given lattice site at a time ¢ with
a given configuration of its ATPase activity sites. For ex-
ample, a variable Sj‘-w represents the probability of a mol-
ecule with two AAA sites being at the jth lattice site with
primary and secondary sites being in « and S states, respec-
tively. @ and 8 can have values O or 1 if a site is unoccupied
or occupied by an ATP molecule. The time evolution equa-
tions for all the variables, say, S;-)O,S;-)l ,S}O,S}l for a molecule
with two ATPase sites, can be combined into a matrix equa-
tion. This matrix equation, thus, represents the time evolu-
tion of the column matrix p; whose elements are the prob-
ability variables mentioned above. This equation can further
be recast as a matrix equation describing the time evolution
of the column matrix Eﬁfx{jpj. { is an arbitrary parameter
and as we shall discuss below, the determination of the av-
erage velocity requires { to be unity.

In the following subsection, we discuss the specific case
where the molecule jumps by a distance a only irrespective
of the ATP occupancy state of the secondary site. The deri-
vation of the velocity is presented here in detail. This method
allows us to look at the variation of the randomness param-
eter with the applied opposing force. The same method is
generalized in the next subsections for the cases where the
molecule can make longer jumps depending on the ATP oc-
cupancy state of the secondary sites.

A. Dynein with one primary and one secondary site

1. Jumps by a distance a

The time evolution of the four probability variables cor-
responding to all four configurations of the ATP binding sites

- kon,l koff,2
- (kon 1t koff 2)
R()]= el
R@=| .
0 kon,l

[R({=1)] is a transition matrix with the sum of all elements
in a column being zero. The largest eigenvalue of the matrix
R({=1) is, therefore, zero.

Our final aim is to find out the average velocity (j)/¢ and

- (koff,l + kon,Z + kcat,l)
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of a dynein at the jth site is governed by the equations

ds®
—d;_ = koff,ISJl‘O + koff,ZS;)l + kcat,15}9 1 kon,lS})O, 4)
ds"'
_dL = kcat,ISjl‘—ll - kon,lsj')1 - koff,ZSO'I» (5)
t
10
ﬁ—k ST ko 1% = kg 1810 — ko 2810 — kg 1 S0
dt = Moff, 270 on, 19 off,1° on,2Yj cat, 19 »
(6)
11
d—SL—k St ko 2810 = ke 1S = kg oSt (7)
dt = Ron,19; + on, 290 T Reat, 19 T Roff, 29 -
These equations can be written in a matrix form as
dlp;]
EL =[Allp;] + [Bllpj-1], (8)
where
s%
s
pj= S}O ’ ©)
gl

and A and B are matrices whose elements are the various
rate constants of the differential equations. Multiplying both
sides of Eq. (8) with & and summing over all possible values
of j, we have

d - __ __
EFE_W Ppi=[A12 Fpy+[B12 Epjy. (10)

j:—oo Jj=—°

In terms of G(¢ ,t)=2;';_m{jpj, the above equation is

2660 =(A)+ dBVGEN =[R@IGED. (1)

where
kogi1 + Ckear1 0
0 gkcat,l

(12)

koff,2

kon,2 - (kcal,l + koff,z)

the diffusion constant of the dynein molecule. It has been
shown earlier that the average velocity and the effective dif-
fusion constant in such a case can be found from the rela-
tions [21,22]
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TABLE 1. Model parameters.

Symbol Value Meaning

kgT 4.1 pN nm Thermal energy

kot 1 10 s7! Rate of unbinding of an ATP molecule from the

primary site
kogt.2 250 57! Rate of unbinding of the first ATP molecule from
one of the secondary sites
kot 3 250 57! Rate of unbinding of the second ATP molecule
from one of the secondary sites

kon1 4x10° M~ s~! [ATP] Rate of ATP binding to the primary site

ko 2(F=0) 4%10° M~ 57! [ATP] Rate of first ATP binding at the secondary sites
under zero load

kon3(F=0) kon2(F=0)/4 Rate of second ATP binding at the secondary sites
under zero load

dy 6 nm An adjustable length as introduced in Eq. (3)

keat0 55 s7! Hydrolysis rate under zero load

a 0.3 Load distribution factor

; 2
<v>=a% =a\/(1), D= %[M’(l) +N(1D)], (13)

where \,({) is the largest eigenvalue of [R({)] and the primes
denote derivatives of N with respect to {.

In order to find out the largest eigenvalue, it is necessary
to solve the characteristic equation,

kcat,lkon,l[kcat,lkoff,Z + Kog oky + kon,lkz]

Det{R() - ] =0. (14)

The characteristic equation can be solved for the eigenvalues
straight away. However, in order to find the derivative of the
largest eigenvalue at (=1, it is convenient to substitute ¢
=1+6, and N=\"(1)+Z\"(1) in Eq. (14), and then find out
\; (1) and \)(1) by equating coefficients of & and &, respec-
tively, to zero. The average velocity found this way is

v

Where, k=k0ff,lk0ff,2+kOn,lkon,Z and k2=k0ff’2+k0n’2. The ex-
pression for the diffusion coefficient can be obtained in a
similar way. Since the diffusion coefficient involves a more
complicated algebraic dependence on various rates, we avoid
mentioning the expression here. Instead, we focus on the
variation of the randomness parameter with the applied force
later.

Using the values of various model parameters as listed in
Table I, we plot the force-velocity curve for two different
ATP concentrations in Fig. 2. Since the hydrolysis rate de-
creases with the force, the velocity is ultimately expected to
decrease with the force when force is large. It can be seen
from Eq. (15) that the velocity decreases exponentially as
U~ koo 1 =A(8)key 0expl—aFd(s)/ kgT] for large force. For
moderate force, there is a possibility of an increase in the
velocity. This is due to k,, , which increases with the force as
per Eq. (3) and enhances the probability of the molecule
being in the state S!'. The velocity increases as a result of
hydrolysis in this state. This can be also verified by choosing
kon» to be independent of the force in which case the velocity

=a s
(kcat,1)2koff,2 + kcat,l(k + Kog ko + 2koff,2kon,l) + (koff,2 + kon,])(koff,lkoff,Z + kon,lkz)

(15)

curve decreases monotonically for all values of the force. For
higher values of ATP concentration, the increase in the ve-
locity becomes less pronounced and it eventually disappears
for high ATP concentration. The increase in the velocity at
low ATP concentration is not present in the experimental
observations of [4]. However, it may not be appropriate to
compare these results with the experiments of [4] mainly
because of the simplistic approach of the model where dy-

Velocity (nm/s)
80
60
40
20

Load (pN)

2 4 6 8 10 12

FIG. 2. A plot of the velocity (nm s~') with force (pN) for
different ATP concentrations. The molecule can move forward by
jumping a distance a only. The thin and thick lines correspond to
[ATP]=5 uM, 40 uM, respectively.
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> = 5 Load (pN)

FIG. 3. A plot of the randomness parameter, r, with the applied
force (pN) at various ATP concentrations. In this case the molecule
can move forward by a distance a only. Three solid lines with
increasing thickness correspond to ATP concentrations, [ATP]
=5 uM, 40 uM, 2 mM, respectively.

nein has been assumed to be single-headed with less number
of secondary sites and with a very simple kinetic cycle with-
out any reversal of hydrolysis or other additional hydrolysis.
As we shall show later, the velocity changes significantly in
the low force regime, as the possibility of longer jumps is
incorporated. The variation of the randomness parameter r
with the force, for given concentrations of ATP molecules,
appears as in Fig. 3.

At low ATP concentrations, the randomness parameter ini-
tially decreases with the force in the moderate force regime.
As the force is increased further, the randomness parameter
increases and approaches 1. The increase in the velocity
around the same values of force seems to be a reason for the
decrease in r for low concentrations of ATP.

2. Possibility of jumps by a distance 2a

In the following, we incorporate the possibility of jumps
by a distance 2a. The dynein molecule moves forward by a

- kon,l koff,2
= (kon,1 + Kofr.2)
[R()]= e
kon,l 0
0 kon,l

and G(Z,t) is the same as that defined earlier. The procedure
for finding out the average velocity is the same as before.
Figure 4 shows a comparison of velocities for a pure single
step jump and for the case where both one- and two-step
jumps are possible.

The figure shows that the average velocity in the two-step
case reduces when the force is small. In the case of a jump
by a distance a only, the forward move takes place at a much
higher rate. Since in the two-step case, single steps are not
allowed when the secondary site is empty and the allowed
larger moves take place at a much lower rate, the average
velocity reduces. The force-velocity plots for different ATP
concentrations are shown in Fig. 5.
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distance a or 2a after a hydrolysis if the secondary site is in
an ATP-bound or unbound state, respectively [see Figs.
1(B1) and 1(B2)]. Equation (2) shows that the hydrolysis
rate, k., 1, which triggers a shorter jump, needs to be distin-
guished from the hydrolysis rate, kg, ,, which powers a
longer jump. Less binding affinity of the secondary site at a
low force ensures that there can be larger jumps that are
triggered by a hydrolysis whose rate increases as the value of
the force decreases. Thus, we expect a significant change in
the average velocity in the low force region from that of the
case where the molecule jumps only by a distance a. The
time evolution of the four probability variables are given as

ds?’
—d;_ = koff,ls}o + koff,zsj')l + kcat,25}92 - kon,IS(')O’ (16)
ds?!
o =HearSi = Kon 1S} = koS (17)
ds;’
—dtL = koff,ZS]]'l + kon,IS;')O - koff,lSjl'O - kon,ZSjl‘O - kcat,ZSjl'o’
(18)
ds!!
_d‘l]‘_ = kon,lsj')1 + kon,ZSjl'O - kcal,lsjl'l - koff,2S}l . (19)

Proceeding in a similar way as the one-step case, we may
combine the differential equations in a single matrix equation

d
EG(ZJ) =[R()]G(L.1), (20)
where
koff,l + {zkcat,Z 0
0 Kea
Ckeat1 (21)
= (kofr,1 + kon2 + kear2) ki
kon,Z - (kcat,l + koff,Z)

Velocity (nm/s)

3 i 3 5 Load (pN)

FIG. 4. A plot of the velocity with load at ATP concentration
[ATP]=2 mM. The thin solid line and the dashed line correspond
to the one-step and two-step cases, respectively. The dashed-dotted
line represents the average velocity for the three-step jump. The
dotted line represents the average velocity of the molecule with
possibilities of a three-step jump with k., reduced to ke,

=0.55 exp(——mﬁfxp).
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Velocity (nm/s)
300

250

200

150

100
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2 4 6 8 10 1z leadeN)

FIG. 5. Force-velocity plot for ATP concentrations 5 uM,
40 uM, and 2 mM. Lines with increasing thickness correspond to
higher ATP concentrations. The molecule is allowed to jump by a
distance 2a at a time if the secondary site is empty.

Introducing the possibility of two-step jumps increases
the fluctuation in the displacement at low forces (see Fig. 6).
This is likely to be the case since for low force, two-step
jumps are more probable than for a high value of force. At
high forces, the probability of longer steps decreases and the
two plots merge.

B. Dynein with one primary and two secondary sites:
Possibility of jumps by a distance 3a

As further improvement toward the more realistic picture,
we include two secondary sites. With three sites, there are
now possibilities of jumps by a distance 3a in one move [see
Fig. 1(C1)~(C3)]. This happens if no secondary site is occu-
pied. With two secondary sites, the dynein molecule at the
Jjth site can remain in eight possible states with probabilities
S(;')OO’S?OI ,5?1075;00,5?“ ,S}.Ol ,S}IO,S}“, evolution of which
can be written in a way similar to that mentioned before.

The average velocity calculated for this case is shown in
Fig. 4 along with the previous results for comparison. The
average velocity is quite sensitive to the hydrolysis rates.
It can be seen that lowering Kk, t0 Kk 2=0.55
Xexp(—%), causes a significant decrease in the aver-
age velocity. The concentration of ATP has significant effects
on the average velocity. This is clear from the force-velocity
plot in Fig. 7 for different ATP concentrations.

IV. SUMMARY

Dynein’s structure is known to be fundamentally different
from other motor proteins such as kinesin and myosin. It is
believed that the complexity in the structure of dynein leads

\
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FIG. 6. A plot of the randomness parameter with load at
[ATP]=40 uM. The solid and the dashed line correspond to the
case where the molecule can jump a distance a or 2a, respectively.
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FIG. 7. A plot of velocity with load at different ATP concentra-
tions. Three solid lines with increasing thickness correspond to
[ATP]=5 uM, 40 uM, and 2 mM. The molecule is allowed to
jump a distance 3a at a time if no secondary site is in the ATP
bound state.

to a robust motion and leaves more opportunity of regulation
of the motion at multiple levels. Due to its complexity, our
knowledge about how dynein functions has been limited.
One of the single molecule experiments suggests that unlike
other motor proteins, dynein has a wide step size variation
and the step length of dynein can be 8, 16, 24, or 32 nm
depending on the strength of the opposing force. It has been
predicted that the step size is around 32 nm for low or no
load situations and the step size decreases as the strength of
the force increases. One of the more recent experiments,
however, demonstrates a fixed, load-independent step size
close to 8 nm and different results regarding the value of the
stall force and its dependence on the ATP concentration.

Since these experiments give different views about the
step length and other properties of dynein, we propose our
theoretical model to see the effect of step size variation on
the average velocity of the molecule and the fluctuation in its
displacement. Our model is based on certain simplifications.
We assume that the head domain has a primary site which is
primarily responsible for ATP hydrolysis that drives the mo-
tion and a maximum of two secondary sites which can regu-
late the motion through ATP binding. The force induced re-
duction of the step size is introduced through the assumption
that the opposing force increases the binding affinity of the
secondary site and the molecule makes a shorter jump if
more numbers of secondary sites are in ATP bound states.
Through this model, it is possible to understand analytically
how the velocity changes as longer jumps are introduced in
dynein’s motion at a given ATP concentration. At low ATP,
we find an initial increase in the velocity with the force be-
fore it finally decreases. This increase in the velocity is not
seen at high ATP concentrations. It appears that this increase
is partly due to the force-dependent binding affinity of the
secondary sites. We also study the randomness parameter
introduced in Eq. (1). This quantity gives an estimate of the
variation of the fluctuation in the displacement with the ap-
plied opposing force. The possibility of larger jumps under
low-load condition introduces significant changes in the ran-
domness parameter in the low-force regime.

The model presented here neglects certain features such
as the presence of two heads of dynein instead of only one as
it is presently simplified to, three secondary sites capable of
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rendering further drive or regulation through additional hy-
drolysis or ATP binding, and the possibility of reverse hy-
drolysis. The mechanochemical cycle is also oversimplified
in our model. Despite these, we believe that predictions from
our analysis can be tested through carefully designed experi-
ments as they would provide an indirect verification of the
crucial assumptions set in the model, such as the increase in
ATP binding affinity of the secondary sites with increasing
load and dependence of the step size of the molecule on the
number of ATP-bound secondary sites. The analytical ap-
proach gives explicit expressions of the velocity and the fluc-
tuation in the displacement in terms of various rate constants

PHYSICAL REVIEW E 77, 051916 (2008)

and one can also isolate the contributions of different sec-
ondary sites. We, therefore, believe that the use of site di-
rected mutants that specifically inhibit the ATPase activity of
different AAA subdomains, together with other biochemical
tools and single molecule experiments, may be required to
isolate the contributions of the secondary sites. The experi-
mental knowledge thus generated regarding the roles of dif-
ferent secondary sites in powering or regulating the motion
of the molecule will make it possible to further modify the
model suitably. The model presented here is the first phe-
nomenological step toward understanding the complete mo-
lecular model of dynein.
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