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Cytoplasmic dynein play an important role in transporting various intracellular cargos by coupling their
ATP hydrolysis cycle with their conformational changes. Recent experimental results showed that the
cytoplasmic dynein had a highly variable stepping pattern including “hand-over-hand”, “inchworm”
and “nonalternating-inchworm”. Here, we developed a model to describe the coordinated stepping
patterns of cytoplasmic dynein, based on its working cycle, construction and the interaction between
its leading head and tailing head. The kinetic model showed how change in the distance between the
two heads influences the rate of cytoplasmic dynein under different stepping patterns. Numerical
simulations of the distribution of step size and striding rate are in good quantitative agreement with
experimental observations. Hence, our coordinated stepping model for cytoplasmic dynein successfully
explained its diverse stepping patterns as a molecular motor. The cooperative mechanism carried out
by the two heads of cytoplasmic dynein shed light on the strategies adopted by the cytoplasmic dynein
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in executing various functions.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Cytoplasmic dynein is a complex and microtubule-based
molecular motor [1]. It can use the free energy of ATP hydrolysis
to produce mechanical work and drive a variety of fundamental
cellular processes, including cellular organelle transport, mitotic
spindle positioning, and nuclear segregation [2-5]. In the past fifty
years, the molecular structure, physiological functions and
regulation mechanism of cytoplasmic dynein have been well
documented [6]. Currently, cytoplasmic dynein is at the frontier
of cell motility research at the molecular level, as its mechanism
of movement is poorly understood [6].

The cytoplasmic dynein complex is composed of two identical
heavy chains and several smaller associated polypeptides
[7-9]. The molecular mass of each heavy chain is typically
500-540 kDa, with approximately 4500 amino acid residues. The
heavy chain consists of three major parts: the AAA ring head, the
stalk, and the tail. The head serving as the catalytic engine of
the motor, contains six AAA modules (AAA1-AAA6) tandemly
arranged in a ring, and it is structurally related to hexameric
ATPases in the AAA + superfamily [2,10-12]. The first four AAA
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modules (AAA1-4) contain nucleotide-binding and hydrolysis
Walker A motifs. Among them, AAAT1 is the primary site for ATP
hydrolysis and dynein motility [13] although the other three sites
(AAA2-4) also bind nucleotides and may contribute important
regulatory functions [14-16]. AAA5 and AAA6 have lost their
conserved nucleotide binding sites and are thought to serve
structural roles [17]. Linker, which has been proposed to serve as
a mechanical element, is a structure connecting AAA1 and the
main part of the tail [17-21]. The tails of the two heads acts as a
scaffold for assembly of different intermediate chains and light
intermediate chains to form the dynein complex [22]. The stalk
emerging from between AAA4 and AAA5 is a ~15nm anti-
paralleled coiled-coil [18,19]. A globular microtubule-binding
domain is located at its tip [23].

A number of significant conclusions about cytoplasmic dynein’s
kinetic characteristic and mechanism have been obtained. By using
optical-trap measurement, Mallik et al. [24] found that under no
load the step size of dynein was predominantly 24-32 nm and
the force produced was about 0.28 pN. With the increase of load
applied to dynein, the step size decreased gradually to 8 nm and
the force produced was up to 1.1 pN. Based on the observation that
the correlation between force production and step size is consis-
tent with a molecular gear mechanism, they proposed a dynein’s
gear model. According to this model, increasing load induces the
binding of ATP at secondary sites in the dynein head, which makes
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dynein take smaller but more powerful stroke at a high load con-
dition. Shima et al. [25] found that the coordination of its two
heads is necessary for a processive motion of cytoplasmic dynein.
They also noticed that the two head of a cytoplasmic dynein com-
plex communicated with each other to move processively, and
both motor domains could not dissociate from the microtubule
simultaneously. Reck-Peterson et al. [26] found that cytoplasmic
dynein complex moved forward prominently with 8 nm step
although longer steps as well as side and backward movement
were observed. They thought that dynein’s variable step sizes
and directions were a considerable diffusional component to its
step. Walter et al. [27] reported that dynein complex itself was
capable of moving in either direction of the microtubule i.e.,
towards the plus or towards the minus end, but macroscopically
towards the minus end. Distinct from kinesin and myosin,
both of which use “hand-over-hand” mechanism, Qiu et al. [28]
reported that the cytoplasmic dynein complex had a variable
stepping pattern by mixing of “hand-over-hand”, “inchworm”
and “unalternating-inchworm”. Basically, the “hand-over-hand”
means that two heads alternate their steps passing the other head
in space in every step. “Inchworm” means that two heads alternate
their steps and don’t step passing the other head in space in every
step. “Unalternating-inchworm” means that one head could take
multiple consecutive steps before the other head moved [20].

Although variable stepping patterns of cytoplasmic dynein had
been observed experimentally, at present no mathematical model
capable of explaining the coordinated stepping patterns of cyto-
plasmic dynein has been reported yet. Based on the mechano-
chemical cycle model of dynein, the structure of cytoplasmic
dynein complex and the interaction of its two heads, we developed
a mathematical theory for cytoplasmic dynein’s coordinated step-
ping. We analyzed cytoplasmic dynein’s moving patterns including
“hand-over-hand”, “inchworm” and “unalternating-inchworm”
and their key features including the distribution of stepping size
and striding rate. Our results provide insight into the mechanism
of cytoplasmic dynein movement and may help to explain various
functions that cytoplasmic dynein executes.

2. Methods
2.1. Model for coordinated stepping of cytoplasmic dynein

Based on the results of the experiments for dynein monomers
binding to microtubule, Imamula et al. proposed a mechanochem-
ical ATPase cycle for single dynein head [8,29]. The model consists
of the following steps. (1) The empty (nucleotide-free) head
strongly interacts with the microtubule. (2) ATP binding to an
empty head causes the head dissociation from the microtubule
(or weak association) and generates conformational change. The
dynein adopts a prepower-stroke configuration (recovery). (3)

After ATP hydroxylation the inorganic phosphate is released and
the free head binds strongly to the microtubule again. The head
undergoes a conformational change (power stroke) to the
postpower-stroke state. (4) Finally, ADP is released representing
the completion of the cycle [8,29].

The model was simplified as follows:

Dynein - M + ATP % Dynein - ATP + M

Dynein - ATP + M Ll Dynein - M + ADP + Pi

M: microtubule, Dynein-M: dynein binding to microtubule,
Dynein-ATP: ATP binding to dynein. Let k,; denote the dissociation
rate of the head from the microtubule and k, for the association
rate of the head to the microtubule.

We make two assumptions: (1) both heads of dynein could not
dissociate from microtubule spontaneously; (2) the linkage
between the two heads of the cytoplasmic dynein is elastic. A
model for coordinated stepping of cytoplasmic dynein is suggested
as Fig. 1.

There are two possible ways for cytoplasmic dynein complex to
complete mechanochemical ATPase cycle. Fig. 1A shows the cycle
of the leading head. After dissociation from microtubule, the lead-
ing head can bind to any binding site with different probability. If
the leading head binds to site 3, 4, 5, 6..., the dynein complex
moves towards the minus end of microtubule. This form of motion
is represented by Al. If it binds to site 2, 1, -1, -2, -3..., the
dynein complex moves towards the plus end. This form of motion
is presented by A2, in which binding to site —1, —2, —3... indicates
that the leading head passes the trailing head in space.

Fig. 1B shows the cycle of the trailing head. After dissociation
from microtubule, the trailing head can bind to any of the binding
site with different probability. If the trailing head binds to site 1, 2,
4,5, 6..., the dynein complex moves towards the minus end of the
microtubule. This form of motion is represented by B1. Among
them, binding to site 4, 5, 6... indicates that the trailing head
passes the leading head in space. On the other hand, binding to site
2,1, -1, -2, —3... means that the dynein complex moves towards
the plus end of microtubule. This form of motion is represented as
B2. Let k4 denote the dissociation rate from the microtubule of the
leading head, kg’ for the dissociation rate of the trailing head, kqf
for the association rate binding for the front site compared to the
site before dissociation, and kg’ for the association rate for the
back site.

2.2. Analysis of the step-size distribution and the striding rate

To obtain the step-size distribution and the striding rate, the
dissociation and association rates kqf, kay', Kaf, kap' were calculated
from the model in Fig. 1.
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Fig. 1. Stepping patterns for cytoplasmic dynein complex. (A) The schematic representation of the leading head stepping. (B) The schematic representation of the trailing
head stepping. In state 1, two heads bind to microtubule spontaneously. The numbered red dots represent dynein binding sites, red head represents leading head and blue
head denotes trailing head. The linkage is represented with elastic element. Assume the linkage is at relaxation (non-force-generating) state when the two heads are three
sites apart. + and — represent the plus and minus end of the microtubule, respectively. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 2. The schematic representation of the relative position of the two heads. The blue head is the trailing head; the red head is the leading head. The black and yellow sites
represent the relative equilibrium sites of the two heads. The elastic element length between the two head is I and balanced length is b. (A) I < b, elastic force applied on the
leading head is in the direction of the minus end of the microtubule, while applied on the trailing head is in the direction of the plus end of microtubule. (B) I = b, there is no
elastic force applied on either leading head or trailing head. (C) I > b, elastic force applied on the leading head is in the direction of the plus end of the microtubule, while
applied on the trailing head is in the direction of the minus end of the microtubule. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

For the three situations shown in Fig. 2, the dissociation rates
and association rates of the different motion pattern Al, A2, B1
and B2 can be analyzed using the Bell equation k=ko exp (¢/
kgT). Where ko denotes rate constant in equilibrium state, ¢ is
energy including the chemical energy from ATP hydrolyzation
and elastic potential energy of the linkage between the two heads.

The dynein heads always walk along different protofilaments
[22], the on-axis (parallel to the microtubule along axis) step size
could not be the integral multiple of 8 nm. To simplify the model,
in the following the step size was chosen as integral multiple of
4 nm.

2.2.1. In the state 2A (1< b)
When dynein hydrolyzes ATP and adopts pattern A, according
to Bell equation, kqf, kef and kg’ should be

, Gy +1i(1— by
kg = ks €Xp <ZI<T (1)
—17Ax? —1)(d+1-by
/o 2 _ 2
kaf = Kop €XP ( kT > kqs exp ( kT ,
d=4, 8, 12, 16,... (2)
—1;Ax? —1)(d+1-by
/o 2 _ 2
Kap = Kab €Xp ( TT ) Kap €XD ( KT ,
d=-4, -8, -12,... (3)

The chemical energy from ATP hydrolyzation AGy(=49.83
pN nm) can be divided into two parts: G; is used to dissociate
the head from microtubule; G, is the conformational energy stored
in dynein. When the trailing head dissociates from the microtu-
bule, the conformational energy stored in the leading head facili-
tates the trailing head to move towards the minus end of the
microtubule [30]. In the situation of Fig. 2A, the elastic element
is compressed, the elongation is Ax =1 — b, the elastic coefficient
of the elastic element is /, and elastic potential energy in the elastic
element is 1 (I — b). In the cycle of pattern A1, let the step size of
leading head be d, d=... — 16 nm, — 12 nm, —8 nm, — 4 nm or
d=0nm, 4nm, 8 nm, 12 nm, 16 nm.... The elastic element is
compressed or stretched and the elongation is Ax’ = d + Ax, elastic
potential energy is %A(d+l—b)2. The rate that dynein finishes
cycle of pattern Al is:

K G +34(1—-b)* —1i(d+1-b)’
kf(+d)_kdfkaf—kdfkafexp<1 24 )kBTz’“( ) 7

d=4, 8, 12, 16,... (4)

The subscript f of kg.q) denotes the move of leading head and +d
denotes that the direction of the motion is towards the minus end
of the microtubule.

The rate that dynein finishes cycle of pattern A2 is:

19(1 _h\2 _ 19 Y
Ke(—a) = Kk, = Karkap €XP <Gl 54 b)kBTZA(d +1-b) ),

d= -4, -8, 12, -16,... (5)

The subscript f of k;_q) denotes the move of leading head, —d
denotes that the direction of the motion is towards the plus end
of the microtubule.

When dynein hydrolyzes ATP and adopts pattern B, according to
Bell equation, kgy', kef and kg’ should be

/ Gy —1k(I - b)?
Kk, = kay €Xp (121T(T)> -
— 1k Ax'2 1 2
Ky = kyexp (22250 ) ~ yexp (Gk;d;'in)
d=4, 8, 12, 16,... )
G —3 2 -G, -1 Ay
d=-4, -8, -12, -16,... ®)

The rate that dynein finishes cycle of pattern B1 is:

G +Gy —1a(1—-b)* —1i(d+1-b)
I(BT ’

d=4, 8, 12, 16,... 9)

Ko(ed) = KapKer = kapkor €Xp (

The subscript b of kp.q4) denotes the move of trailing head, +d
denotes that the direction of the motion is towards the minus
end of the microtubule.

The rate that dynein finish cycle of pattern B2 is:

kBT
d——4, -8, 12, —16,... (10)

—G,—1y1-pP -1 _b)?
ko—a) = KapKap = kankan €XP <Gl Co —p il =b) —3 M+ 1=D) >7

The subscript b of ky_q) denotes that the trailing head moves,
—d denotes that the direction of the motion is towards the plus
end of the microtubule.

2.2.2. In the state 2B (1=D)
(1) When dynein hydrolyzes ATP and adopts pattern A, accord-
ing to Bell equation, kqf, kof and kg’ should be

/ Gl

kdf = kdf exp (m) (11)
—1)Ax? —1)d?

I 2 _ 2

kaf_kaf exp( kT ) kafexp( koT >7

d=4,8, 12, 16,... (12)
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— 1IAX? ~1d
/o 2 _ 2
Ky = kap €XP ( TT ) = kq» €XP ( kT )

d=-4, -8, —12,... (13)

The rate that dynein finishes cycle of pattern Al is:

. G —1id’
Keira) = Kyrker = Karkor €Xp <1k32T)’

d=4, 8, 12, 16,... (14)
The rate that dynein finishes cycle of pattern A2 is:
- G -1
kf(fd) = kdfkab = kdfkab exp (T ,
d=—-4,-8-12,-16... (15)

(2) When dynein hydrolyzes ATP and adopts pattern B, accord-
ing to Bell equation, kqf, kqf and kg’ should be

, G

K., = ka €Xp (ﬁ) (16)
, G, — 1iAx? G, — yid?

Ky = Ko €Xp (%) = kor €Xp (ZkTZT)’

d=4,8, 12, 16,... (17)
/ —Gy —17Ax2 Gy —1d?

Kep = Kab €Xp (#) = kap €Xp (Tf)

d=-4, -8, —12,... (18)

The rate that dynein finishes cycle of pattern B1 is:
G +Gy — %).dz
I(BT ’
d=4, 8, 12, 16,... (19)

kb(+d) = k;bk;f = kdbkﬂf exp <

The rate that dynein finishes cycle of pattern B2 is:

. G — Gy — 1ad?
kb(—d) = kdbkab = kdbkub exp I s
kBT

d=-4, -8, -12, -16,... (20)
2.2.3. In the state 2C (1> b)

(1) When dynein hydrolyzes ATP and adopts pattern A, accord-
ing to Bell equation, kqf, kqf and kg’ should be

, Gy — 11— by

Kyr = kg €Xp (2’<T (21)

, —1;Ax? —1id+1-by

Ky = kor €Xp ( szT ) = Ko €Xp <2kBT ,

d—4, 8 12, 16,... (22)
19 A2 1 2

;o FAAXZN 3A(d+1-Db)

Kqp = Kap €XP ( keT ) = kap €Xp (kBT )

d=-4, -8 ~12,... (23)

The rate that dynein finishes cycle of pattern Al is:

'K Gy — il —by —1id+1-b)
kf(*‘f):kdfkaf=kdf’<afe"p<1 5 )kBTZA( ) :

d=4,8, 12, 16,... (24)

The rate that dynein finishes cycle of pattern A2 is:
G —1a(l-b? —1ad+1- b)2>

ksT
d=-4, -8 -12, —16,... (25)

kf(,d) = k/dfk;b = kdfkab exp (

(2) When dynein hydrolyzes ATP and adopts pattern B, accord-
ing to Bell equation, kg, kof and kg’ should be

, Gy +14(1 - b)?
ky, = kap €Xp (%) (26)
, Gy — 1iAx?
Ky = ko €Xp <21$>
Gy —1i(d+1—b)?
Cgexp (22NN 48 1016, 27)
I(BT

, —G, — 1AX? Gy —1i(d+1-b)?
K., = kay €Xp (W):kabexp( 2 ZAk(BTJr )>,
d=-4, -8, —12, —16,... (28)

The rate that dynein finishes cycle of pattern B1 is:
Gi+Gy+1a(1-b* —1id+1-b)
kT ’
d=4, 8, 12, 16,... (29)

Ko(ea) = Kgpkir = kapkor €Xp (

The rate that dynein finishes cycle of pattern B2 is:
G -G +ial—b? —1id+1- b)2>

kBT
d=—4, -8 —12, —16,... (30)

k(—ay = Ky, Koy = Kapkap €XP (

3. Results and discussion

The elastic element length between the two heads of cytoplas-
mic dynein is [ and balanced length is b. According to Egs. (4), (5),
(9), (10), (14), (15), (19), (20), (24), (25), (29), (30) we calculated
the rate Kq+ay, Kg—ay Kp(+a) and Ky+q) for a given I. The rate Kq.qy, kg—a),
kp(+a) and kp+qy was converted into the probabilities. For a given I,
the probabilities of step size +d or —d, q.q and q_g4, were calculated
by

G- 1 ( Kr(+a)
+d = ]
2 D de.. 12, -8, 4.0, 4.8, 12... (krea) + kr-a))

k
4 I b(+d) > (31)
D de.. 12, 8. -4 0.4.8, 12.. (Ko(a) + koa))
_1 ( Kr(-a)
qq= 5 ]
D12, 8. 4.0, 4.8, 12, (Krcvay + Kr-a))
Ky —
+= b > (32)
Dde. 12, -8, 4.0, 4.8 12... (kb sa) + Ko-a))

The probabilities of step size +d or —d, Q.4 and Q_g4, were calcu-
lated by
1

Qa=1p > (q:a) (33)

=4, 8, 12, 16, 20, 24, 28, 32, 36, 40

Qq= (q-q) (34)

1=4, 8, 12, 16, 20, 24, 28, 32, 36, 40

al-
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Assume that kgr=kgp. Because of the polarity and intrinsic
asymmetry of the microtubule, for a certain step size d, k4 and
kqp are not equal. Based on the experimental result [30], we took
ko~ 0.86k, kqp ~ 0.14k (k is a constant). AGy is the free energy of
ATP hydrolyzing. kgT=4.1 pN nm. kg is the Boltzmann constant
and T is absolute temperature. / is the elastic coefficient of the
elastic element, valued 0.14 pN/nm. The length change of the elas-
tic element induced by the conformational change of dynein is
6.28 nm [31], the elastic energy is

E:%A*G.ZSnmz :%*0.14*6.282 = 2.76pN - nm (35)
We assume that conformational energy stored in dynein is
G, =E, so

G; =49.83 —2.76 =47.07pN - nm (36)

The step-size distribution for the above parameters was shown
in Fig. 3.

The numerical calculation showed that, given the elastic coeffi-
cient of the linkage 4, the step-size distribution of the cytoplasmic
dynein was related to the equilibrium distance b. Because the val-
ues of 4 and b were not given in the work of Qiu et al. [28], there are
some differences between our theoretical results and their experi-
ment data., The distribution of the step size obtained from the
model of Fig. 1 is similar to the experimental results. Mallik et al.
[24] attributed multiple step-size to the working strategy adopted
by the single dynein head and tried to establish a mechanism. The
experimental results of Qiu et al. showed that the variable stepping
pattern might be the strategy adopted by the cytoplasmic dynein
complex in executing various function. The preliminary calculation
from this model indicated that the loaded cytoplasmic dynein
complex tended to move forwards with the inchworm pattern.

The condition for the leading head passing across the trailing
head is that the leading head must move towards the plus end of
the microtubule with the step size greater than the distance
between the two heads. As shown in Fig. 3, the probability of back-
ward movement is very small, so in the calculation of the striding
rate, only the striding rate of the trailing head was considered. The
striding rate is a ratio of the probability of the trailing head passing
across the leading head to the probability of the trailing head mov-
ing. Our calculated striding rate is 16.2% when the equilibrium dis-
tance between the two head is b=16 nm (Fig. 4), while the
experimental result obtained by Qiu et al. [28] was 17%.

The moving probabilities of the leading head and the trailing
head, Py and P,, were calculated for different [ = 4, 8, 12, 16, 20,
24, 28, 32, 36, 40 nm, as shown in Table 1. The probability of Pf
was about half of the value of P,. In the work of Qiu et al. [28],
the ratio of the nonalternating stepping occurred to alternating
stepping was 33:67. This suggests the reliability of our model in

0.2

0.151 1

01 1

percent

0.05 4

0
-50 -40 -30 -20 -10 0 10 20 30 40 50
step size (nm)

Fig. 3. Histogram of the step size of cytoplasmic dynein complex at b =16 nm.

100

percent

passing

not passing
Fig. 4. Spatial analysis of the relative frequency of passing or not passing steps

derived from the model.

Table 1
The moving probability of the leading head and the trailing head. (b = 16 nm).

I(nm) 4 8 12 16 20 24 28 32 36 40

Pr(%) 998 984 787 609 389 1.7 007 0.001 0 0
Py (%) 02 16 213 391 61.1 983 9993 99999 100 100

describing the pattern adopted by cytoplasmic dynein in their pro-
cessive motion.

The key of this model is to assume that the linkage between the
two heads of the cytoplasmic dynein is elastic. The elastic element
makes either of the two heads bind to any site of the microtubule
by different probabilities after dissociating from the microtubule.
Consequently, cytoplasmic dynein facilitated the “hand-
over-hand”, “inchworm” and “nonalternating inchworm” stepping
patterns.

Two factors were considered in calculation of the step-size dis-
tribution and the striding rate. One is that the conformational
energy in the leading head is conducive to the forward movement
of the trailing head [21,32], which is reflected as G, in equation
above. The other is that the polarity and the asymmetry of the
microtubule help the head moving towards its minus end. How-
ever, lacking of definite experimental parameters for these factors
makes it difficult to calculate both the step-size distribution and
the striding rate.

In summary, we have developed a mathematical model to
describe the stepping pattern of cytoplasmic dynein. The model
can compellingly explain the moving pattern of “hand-over-hand”,
“inchworm” and “unalternating-inchworm”, and calculated the
distribution of the step size and the striding rate that are consistent
with the experimental results. In addition, our model is not
restricted to describe the known stepping pattern, but also could
be applicable to other stepping patterns that would be observed
in study.
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