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The Winch Model Can Explain both Coordinated and Uncoordinated
Stepping of Cytoplasmic Dynein
Andreja �Sarlah1 and Andrej Vilfan1,2,*
1Faculty of Mathematics and Physics, University of Ljubljana, Ljubljana, Slovenia; and 2J. Stefan Institute, Ljubljana, Slovenia
ABSTRACT Cytoplasmic dynein moves processively along microtubules, but the mechanism of how its heads use the energy
from ATP hydrolysis, coupled to a linker swing, to achieve directed motion, is still unclear. In this article, we present a theoretical
model based on the winch mechanism in which the principal direction of the linker stroke is toward the microtubule-binding
domain. When mechanically coupling two identical heads (each with postulated elastic properties and a minimal ATPase cycle),
the model reproduces stepping with 8-nm steps (even though the motor itself is much larger), interhead coordination, and proc-
essivity, as reported for mammalian dyneins. Furthermore, when we loosen the elastic connection between the heads, the model
still shows processive directional stepping, but it becomes uncoordinated and the stepping pattern shows a greater variability,
which reproduces the properties of yeast dyneins. Their slower chemical kinetics allows processive motility and a high stall force
without the need for coordination.
INTRODUCTION
Dyneins are large motor proteins found in eukaryotic cells
(1,2). Axonemal dyneins collectively power the beating of
cilia and flagella, whereas cytoplasmic dyneins transport
cargoes toward the minus-end of the microtubules (MT).
Historically, the first kinetic and motility studies were car-
ried out on axonemal dyneins (3–5). The body of knowledge
about cytoplasmic dynein started to grow with the ad-
vancement of single-molecule techniques, but due to the
complexity of the dynein molecule, it was always lagging
behind our understanding of kinesins and myosins. Cyto-
plasmic dynein is a dimeric molecule and consists of two
identical motor domains. Each motor domain contains a
ring of six AAA (ATPases associated with diverse cellular
activities) domains, four of which can bind ATP (6,7). Pro-
truding from the ring is an ~15-nm-long stalk, which ends in
the microtubule-binding domain (MTBD), and a tail domain
responsible for dimerization (8).

Recently, dynein’s crystallographic structure has been
determined up to 2.8 Å resolution (9–12). Mammalian cyto-
plasmic dynein has been shown to walk with speeds up to
800 nm/s and generate a stall force of 1–2 pN (13–15), in
some reports up to 5–7 pN (16,17). Based on step-size anal-
ysis, Toba et al. (16) reported stepping in a hand-over-hand
fashion, and in Dictyostelium dynein the degree of proces-
sivity indicated coordination between heads (18). On the
other hand, yeast dyneins take less regular steps with speeds
of ~100 nm/s and a stall force of 7 pN (19,20). The observed
steps included alternating passing (hand-over-hand), alter-
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nating nonpassing (inchworm), and nonalternating modes
(21,22).

A unique feature of dynein is the spatial separation be-
tween the ATP hydrolysis sites (on the ring) and both the
microtubule binding domain (connected to the ring through
a coiled-coil stalk) and the tail via the linker (whose docking
to the ring acts as a power stroke (23)).

This immediately raises two questions that are central to
the walking mechanism of dynein. The first concerns the
allosteric interactions between these distant parts. The
communication through the stalk is mediated by the relative
sliding of the two a-helices forming the coiled-coil (24,25).
It is bidirectional: it modulates the microtubule binding affin-
ity, depending on the nucleotide in the primary catalytic site
(AAA1) (26), but it also serves gating, such that the ADP
release does not occur before binding to the microtubule
(27). On the other side, the hydrolysis cycle is coupled to
the swing of the linker (8,23). This leads to the second
open question: how do the two heads forming a dimer, which
are mainly connected through their tails, coordinate their cy-
cles, and how is the tail swing translated into more or less
regular stepping with a step size of 8 nm (determined by
the periodicity of binding sites on a microtubule)? It is
even more surprising that mutants whose rings and tails are
rotated by ~180� maintain the direction of walking on the
MT (9). It has been suggested that, in contrast to myosins
that achieve their power stroke through a lever arm rotation
and kinesins that use neck-linker docking, dynein acts as a
winch, which first stretches forward to the next binding site
and then effectively contracts to pull the cargo forward (28).

The complexity of the dynein molecule and the lack of
structural information have also hampered efforts to build
a theoretical model describing its dynamics. So far, only a
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FIGURE 1 Mechanical model for dynein. (A) A monomeric dynein

molecule modeled as a rigid disklike head rigidly connected to 1), the flex-

ible rodlike stalk whose end (MTBD) can attach to the MTand 2), the linker

that adopts two distinct positions with respect to the nucleotides bound to

the head. (B–D) A schematic representation of the interactions between

the two monomers. (B) Interaction between dimerized tails is modeled by

a harmonic interaction between the ends of the linkers. The interaction be-

tween the two rings is a hard-core repulsion between two cylinders with the
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small part of the molecule (the MTBD) has been accessible
to molecular dynamics simulations (29). Other studies per-
formed normal mode analysis on a hypothetical ring struc-
ture (30) or the stalk coiled-coil (31). Phenomenological
models either concentrated on the kinetics of the molecule
without modeling the mechanical properties of the dimer
(32–34) or relied on a power-stroke in the stalk domain (35).

In this article, we propose a mechano-chemical model for
the dimeric molecule of cytoplasmic dynein, based on the
winch mechanism. The model describes each dynein head
with a small number of elastic elements and two mechanical
states, as known from electron microscopy structures. Their
transitions follow a minimal kinetic model with a single
ATPase site. We form the dimer by coupling the tails of
the two heads and introducing an attractive interaction
between the rings.

The purpose of the model is to demonstrate that a power
stroke in the tail domain is sufficient to explain processive
stepping along a microtubule such that the dominant step
size is 8 nm. The direction of motion is determined by the
angle at which the stalk is attached to the microtubule, rather
than the power-stroke itself. Further, we show that the tail-
tail interaction can lead to coordination between the heads
and thus improve the processivity and efficiency of the
motor.
additional attractive contributions between (C) the ring centers and (D) the

ring normals, which favor the parallel stacking of the two rings. To see this

figure in color, go online.

TABLE 1 Geometric parameters of a dynein motor

Description Parameter Value

Stalk length L 12 nm

Stalk angle at MTBD qMTBD 34�

Head diameter 2R 14 nm

Head thickness d 5 nm

Angle head-linker k 30�

Linker length Ll 14 nm

Linker angle poststroke dpost 0�

Linker angle prestroke dpre 40�

MT radius RMT 12.5 nm

Tubulin dimer length d0 8 nm

Number of protofilaments N 13

MT helical pitch D 12 nm
MODEL

Elastomechanical model

The fundamental building block of our model is a mono-
meric dynein head whose description is based on informa-
tion from electron microscopic (8,23) and crystallographic
studies (9–12). We model the ring-shaped head as a rigid
disk, 2R ¼ 14 nm in diameter and d ¼ 5 nm thick (Fig.
1 A). We describe the linker as a rigid rod, Ll ¼ 14 nm
long, and connected to the head. Depending on the nucleo-
tides bound to the head, it can accommodate two positions:
the prestroke, in the following denoted by D* (with ADP.Pi
or ADP in the primary site); and poststroke position, in the
following denoted by D (primary site contains ADP, no
nucleotide or ATP in the D.ATP state) (12,36). The third
part, the stalk, is considered to be an ideal elastic rod, rigidly
connected to the head in the radial direction. The reported
values for the length of the stalk vary from 12 to 15 nm
(37). However, the part of the stalk close to the head is sup-
ported by an additional short coiled-coil, known as a buttress
(10) or strut (12), making it stiffer than the remaining part of
the stalk. We therefore use the value from the lower end of
the range, L ¼ 12 nm. The distal end of the stalk continues
into the MTBD. Some authors have considered the possibil-
ity that the rotation of the stalk relative to the MT could be
the power stroke behind dynein’s motility (38), analogous
to the lever-arm swing in myosin. However, electron micro-
graphs of axonemal dyneins show that the stalk angles
relative to MT do not change significantly between the
ADP.vanadate and no-nucleotide states (39). The averaged
angles are found to correspond to qMTBD ¼ 31�–37�. This
result is consistent with cryo-EM images of cytoplasmic
dynein MTBDs bound to MT (25). We therefore use the
same value of this angle for weakly and for strongly bound
states. All geometric parameters of the model monomeric
dynein molecule are summarized in Table 1.

When two monomeric heads are connected to form a
dimer, and even more so when an external force is pulling
on their tails, they are subject to elastic deformation. We
model the stalk, which is the most compliant part of the
Biophysical Journal 107(3) 662–671
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molecule, as an ideal elastic beam with bending stiffness EI
and torsional stiffness C. Instead of EI and C, one can also
use the corresponding persistence lengths, lp ¼ EI/kBT and
lc ¼ C/kBT, where kBT is the thermal energy. Their values
can be estimated from the elasticity of other molecules
containing coiled-coils. A suitable molecule is tropomy-
osin, whose persistence length has long been estimated
as ~100 nm (40,41), but a newer study showed that this
value could be an underestimate (42), and we therefore as-
sume lp ¼ lc ¼ 200 nm, also consistent with a theoretical
estimate (43).

The two heads of a dimer interact with their dimerized
tails and through direct ring-ring interaction (Fig. 1, B–D).
We model the connected tails as an elastic cord between
the ends of the stiff linkers and assume that its elastic energy
is proportional to the square of the elongation,

Ul ¼ ð1=2Þklðjrl;1 � rl;2j � llÞ2; (1)

where rl,i is the end point of the linker of head i, ll is the

length of the undeformed cord, and kl its effective stiffness.

It is known that the heads of axonemal two- and three-
headed dyneins exhibit parallel stacking (39,44), but in the
case of cytoplasmic dynein, crystallographic and position
tracking experiments are inconclusive with respect to the
head-head stacking, observing either stacked (11,21) or
open structures (10,22). We model the ring-ring interaction
as hard-core repulsion between two cylinders and an addi-
tional attractive interaction that favors parallel stacking of
the two rings,

Uh ¼ g1

��rS;1 � rS;2
��2 þ g2ð1� bn1 , bn2Þ; (2)

where rSi denote the centers of the facing sides of the two

rings, bni the normals to the facing surfaces, and gi the inter-
action energies related to the respective interaction. In the
following we restrict ourselves to an interaction that favors
front-to-back stacking of heads, g2> 0. All elastic constants
are listed in Table 2.

In thermal equilibrium, the most probable structure is the
one with minimal energy:

U ¼ U1 þ U2 þ Uint þ Fx: (3)

Here Ui values are the energies stored in elastic deforma-

tions of the stalk of the ith motor,Uint¼UlþUh is the inter-
action between motors, and Fx is the work done against the
TABLE 2 Parameters of the model

Description Parameter Value

Persistence length lp 200 nm

Torsional persistence length lc 200 nm

Head-head interaction g1 0.01 kBT/nm
2

Head-normals interaction g2 6.0 kBT

Linker-linker interaction kl 1.0 kBT/nm
2

Linker elastic cord length ll 5 nm
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external load. The force F acts along the MT axis and has a
positive sign for resisting loads (pulling toward the MT plus-
end). x is the position of the centerpoint between the two
linker tips, projected onto the MT axis (positive x indicates
the minus-direction on the MT). For a certain configuration
of chemical states, binding sites of both MT binding do-
mains, and a given external force, the three-dimensional
shape of the dimeric molecule with minimum energy can
be calculated numerically with a Monte Carlo method.
Some of the calculated shapes are shown in Fig. 2.
Kinetic model

We describe the stepping of dynein by a simplified kinetic
model based on the ATPase cycle at the primary site
(AAA1) and stochastic transitions between the states. We
adopt the widely accepted ATPase cycle proposed by Ima-
mula et al. (26) (Fig. 3): Binding of the ATP molecule trig-
gers the release of dynein from the MT. After that, the ATP
hydrolysis induces a conformational change, the recovery
stroke, which leads to a prestroke configuration. The next
step is not yet well established experimentally—whether
Pi release occurs before or after rebinding to the MT is
somewhat ambiguous. Recent kinetic evidence is consistent
with Pi release after MT binding (12).

We therefore propose the following sequence of events
after MT binding: Pi is released with the rate k�Pi, followed
by the power stroke (rate kþPS) and, finally, ADP release
(rate k�ADP). We neglect any transition rates outside this
scheme, such as detachment in ADP (k�7) and empty
(k�8) states or ATP hydrolysis in the bound state (k

0
þ2).

The latter could be possible, but is suppressed kinetically
FIGURE 2 A selection of minimum energy configurations of the tightly

coupled dimeric dynein molecule depending on the linker position of the

(left/right) heads and for different relative positions m,n of the two MTBDs

(right head is attached m tubulin dimers along and n protofilaments to the

side with respect to the left one). D denotes the head with the linker in the

poststroke position and D* in the prestroke position. Below each configura-

tion is the corresponding elastic energy. To see this figure in color, go online.



FIGURE 3 The chemical cycle of each dynein head adopted from the model of Imamula et al. (26). Prefix MT denotes states of strong attachment to the

MT and D and D* correspond to the dynein head with the linker in the post- and prestroke position, respectively.
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because it competes with the detachment rate k�MT ¼
500 s�1. Likewise, we neglect the possibility that the motor
releases phosphate and undergoes the power stroke in the
detached state, because the corresponding rate kþ3 z
5 s�1 (24) is much slower than binding to the MT.

The rates used in the above scheme imply that ATP hy-
drolysis at the primary site increases the MT binding affinity
by

kBT ln
�
k0þMTk

0
�MT

.�
k�MTk

0 0
þMT

��
¼ 4:6 kBT:
This difference needs to be mediated by allosteric coupling
through helix sliding in the coiled-coil forming the stalk.
TABLE 3 Kinetic parameters of the model

Parameter Description

Parameter

value

Experimental

value Source

k0þATP ATP binding 2 � 106

M�1 s�1
2.2 � 106

M�1 s�1
(58)
Likewise, binding to the microtubule accelerates Pi release
by a factor k�Pi/kþ3. These values are consistent with the
observation that locking the coiled-coil in different registers
can influence the ATPase rate (24), as well as MT binding
affinity (9) by two orders of magnitude.

The transition rates are also influenced by mechanical
strain. For any transition the principle of detailed balance
states that kþi=k�i ¼ e�DG=kBT , where DG is the free energy
difference between the final and the initial states. We rewrite
this statement as

kþi

k�i

¼ k0þi

k0�i

e
� DU

kBT; (4)
k0�ATP ATP release 50 s�1 175 s�1a (58)

k0�MT MT release, D 500 s�1 460 s�1 (26)

k0þMT MT binding, D 100 s�1

where k05i values are the unstrained transition rates whose

0 0
k00þRS ATP hydrolysis,

linker swing to

prestroke

1000 s�1 180 s�1b (58)

k00�RS ATP synthesis,

linker swing to

poststroke

100 s�1 4 s�1; 30 s�1 (47,58)

k00þMT MT binding, D* 10,000 s�1

k00�MT MT release, D* 500 s�1

k0�Pi Pi release 5000 s�1

k0þPi Pi binding 104 M�1 s�1 8000 M�1 s�1c (47)

k0þPS Power stroke 5000 s�1

k0�PS Reverse stroke 10 s�1

k0�ADP ADP release 160 s�1 ~1000 s�1 (27)

k0þADP ADP binding 2.7 � 106

M�1 s�1
2.7 � 106

M�1 s�1
(27)

aCalculated from Keq and KþATP.
bMeasurement includes the transition between ATP binding and isomeriza-

tion.
cWithout MT.
ratio k5i=k�i is determined by the free energy difference
of the chemical transition. DU denotes the change in the
elastic energy and the work performed against the external
load (Eq. 3). The exact statement in Eq. 4 says nothing about
the strain dependence of individual rates and for that, one
has to rely on approximations. The approach most widely
used when modeling motor proteins involves the Arrhenius
theory of reaction rates (45), which assumes that the protein
has to reach an activation point somewhere between
the initial and the final state by thermal diffusion, but fin-
ishes the transition rapidly after that. For transitions that
involve binding or unbinding of the motor, one expects
the activation point to be much closer to the bound state,
therefore k�MT ¼ k0�MT and kþMT ¼ k0þMTe

�DU=kBT . In
other cases, we will assume that the activation point lies
in the middle between the initial and the final state, and
thus kþ ¼ k0þe

�DU=2kBT and k� ¼ k0�e
DU=2kBT .
Another exact relationship between the kinetic rates is ob-
tained by multiplying the detailed balance conditions for an
unloaded monomer along a closed cycle that includes the
hydrolysis of 1 ATP molecule,

k0þATP k0�MT k0þRS k00þMT k0þPS k0�ADP

k0�ATP k0þMT k0�RS k00�MT k0�PS k0þADP

¼ e
� DG0

0
ATP

kBT ; (5)

and

0 �

DG0

ATPz� 32:5 kJ mol ¼ �13:1 kBT

is the standard free energy of ATP hydrolysis (46).

The kinetic rates we use are listed in Table 3. Some of

them are known from the literature, even though many ex-
periments were carried out on axonemal dyneins and it is
not clear to what extent the results are applicable for cyto-
plasmic dyneins. On the other hand, the observed kinetic
behavior of mammalian and yeast cytoplasmic dyneins sug-
gests that some mechanisms are different even within the
Biophysical Journal 107(3) 662–671
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family of cytoplasmic dyneins. The attachment rate of a
head to the MT in a state when the partner head is bound
(k00þMT) is not directly related to the kinetic rates measured
in solution. As a rough estimate, we use the diffusion time of
an object of 10-nm radius over a distance of 50 nm for the
high-affinity state and a correspondingly lower rate for the
low affinity state. The ADP release rate k0�ADP is consid-
ered to be the rate-limiting process in the dimeric molecule
(27,47), and we therefore estimate its value from the veloc-
ity at saturating ATP concentration.
FIGURE 4 The attachment probabilities to different binding sites. (A and

B) Tightly coupled dimers. (A) Binding site distance distributions for the

left (red) and right (green) head and for four possible linker configurations;

D denotes the post- and D* the prestroke state. (B) An illustration of the

steps taken by the left or the right head. The cylinders correspond to the

probability to make a step to the given position; only the most probable

steps are depicted. The head that is to make the step (transparent) is in

the prestroke position and the other one is in the poststroke. (C and D)

Loosely coupled dimers. Binding site distance distributions (C) and the cor-

responding illustration of steps (D). (E and F) Binding site distance distri-

butions for steps taken by left/right head of stalk length mutants, l ¼ 19 nm

(E) and l ¼ 5 nm (F). To see this figure in color, go online.
RESULTS AND DISCUSSION

Distribution of steps

Although the stepping pattern generally depends on the
complete kinetic scheme, its analysis simplifies greatly if
one kinetic path dominates and the step always takes place
in the same chemical configuration. In this case, the distri-
bution of step sizes can be determined from the probability
to bind to a certain site (denoted i), which is proportional to
the Boltzmann factor formed from the elastic energy of that
state, pife�Ui=kBT . Within our model the majority of steps
are taken when one head is bound to MT in the post-power-
stroke state and the other head is free in the pre-powerstroke
state. We will discuss the likelihood of events outside this
scheme later.

The model parameters listed in Table 2 describe the
tightly coupled dynein dimers, with a strong tendency to-
ward the stacked state, although they can be displaced in
a parallel manner when strained (Fig. 2 and see Fig. S1
in the Supporting Material). In general, all processive
dimeric motors that walk in a hand-over-hand manner
need some asymmetry between consecutive steps (between
those when the free head passes the bound one on the left
and those where it passes it on the right), but this asym-
metry is weak in kinesins (48). Cytoplasmic dynein is
different—the ring stacking breaks the symmetry and des-
ignates the two heads as left and right, with respect to the
direction of walking. In the following, we will always
distinguish between the steps of the left and of the right
head.

The attachment probabilities to different binding sites are
shown in Fig. 4, A and B, for four possible combinations of
linker configurations. Two of them, D*–D and D–D*, are
participating in the regular stepping of the left and the right
heads, respectively, whereas the other two (D–D and D*–
D*) are rare in the absence of load. The stepping of such
a molecule is MT-minus-end-directed and characterized
by predominantly short ~8-nm steps, whereas longer steps
are infrequent, in agreement with single-molecule experi-
ments on mammalian dynein (16). The two heads of a dimer
proceed along separate, adjacent MT protofilaments and
keep their track, i.e., the frequency of sideward steps is
almost negligible.
Biophysical Journal 107(3) 662–671
Stalk length mutants

Carter et al. (9) investigated mutants with stalk lengths that
were seven heptads (half-pitch of the coiled-coil) longer or
shorter than wild-type. The lengths were chosen such that
the ring orientation relative to the MT was 180� rotated
and the linker swing pointed toward the MT plus- instead
of minus-end. Surprisingly, the minus-end-directed motility
was preserved, albeit with a reduced velocity and processiv-
ity. This result suggests that the principal component of the
power stroke is along, not perpendicular, to the stalk.
Because the stalk has a roughly fixed direction relative to
the MT, the direction of the power stroke becomes indepen-
dent of the ring orientation.

As shown in Fig. 4, E and F, our model calculation
shows that binding of the free head in state D* is still
strongly minus-end-biased both for an elongated and a
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shortened stalk. Although this has been suggested before at
a descriptive level (1,9), our calculations give what we
believe to be the first quantitative proof that the winch
model is capable of explaining the directionality of stalk
mutants.
Head-head coordination

Efficient and processive hand-over-hand stepping requires
some degree of coordination between the chemical cycles
in both heads. One advantage of coordination is to reduce
the likelihood of both heads detaching simultaneously,
which leads to the dissociation from the MT and therefore
restricts the processivity (however, processive motility is
also possible without any coordination if the duty ratio is
sufficiently high (49,50)). A second advantage of coordi-
nated stepping is that the trail head detaches before the
lead head—otherwise, a futile or backward step occurs.
Finally, binding of one head can be inhibited before the
other head undergoes the power stroke—this also prevents
futile steps. Coordination is most frequently achieved
through gating: a certain transition in one head can be in-
hibited until the partner head reaches some state. Alterna-
tively, a transition in the cycle can also be accelerated. In
kinesin (51,52), myosin V (53,54), and myosin VI (50),
this gating is purely mechanical, because the heads only
interact through the connected tails. The origin of coordina-
tion is less clear in cytoplasmic dynein, but its existence is
evident from the observation that the duty ratio of a head
as part of a walking dimer is higher than in a single-headed
construct (18,52).

Without any further interaction between the ATPase sites
on both rings, our mechanical model shows the following
gating mechanism: when the lead head is in the prestroke
state and the trail head is in the poststroke state D, the tran-
sition D*/D in the lead head would increase the elastic
energy of the dimer by ~10 kBT (Fig. 2), which means
that transition rate is reduced by a factor of e�DU=2kBT , or
2–3 orders of magnitude. Consequently, the lead head
does not release ADP, bind ATP, or detach before the
detachment of the trail head. The same kind of coordina-
tion also reduces the probability that the heads detach
simultaneously. The efficiency of such gating depends
further on the relative magnitude of the kinetic rates of
the competing transitions.

Unlike in kinesin (51) and myosin V (55), where the bind-
ing of a head is mechanically inhibited before the power
stroke in the partner head, there is no such effect in dynein.
This difference is due to the fact that kinesin’s neck linker is
too short to bind with both heads to two parallel sites on
adjacent protofilaments (56), and that there is no suitable
parallel site on an actin filament. Dynein, on the other
hand, can bind to two parallel sites on adjacent protofila-
ments. Therefore, the attachment of a head to the MT cannot
be mechanically gated in dynein.
Stepping kinetics and force generation

The results of a kinetic simulation of the full model are
shown in Fig. 5 and the stepping is visualized in Movie
S1 in the Supporting Material. The model reproduces the
hand-over-hand motility with 8-nm steps at a speed of
800 nm/s at saturating ATP and in the absence of load, as
observed with mammalian dynein (16). Yet the stepping is
not entirely regular (see Fig. S2). In a small portion of steps
the recovery stroke of the free head precedes the power
stroke of the attached head and leads to the D*–D* bound
state, primarily at the parallel adjacent binding sites (dashed
line in Fig. 5 A). This scenario represents the inchworm-like
stepping mode in which the cargo moves 4 nm per step.
Even more rarely, the step consists of detachment and reat-
tachment of the lead head—such events are generally not
detectable in an experiment.

With applied load, the speed and the run length are
decreased. There are two factors that contribute toward ve-
locity reduction under load:

1. The power stroke is slowed down, which also slows
down the cycle as a whole; and

2. Consequently, the free head is more likely to bind before
the power stroke in the bound head, which leads to inch-
worming or futile cycles.

With a small assisting force the velocity of the motor
slightly increases and longer steps become more probable,
but the 8-nm step stays most probable.

The force-velocity relationship, Fig. 5 D, shows a stall
force of ~6 pN. However, the motor reaches a plateau
with velocity close to zero and a high termination rate at
much lower forces. In a realistic situation, the maximum
force achieved by the tightly coupled dimer would be in
the range of 1–2 pN. The maximum achievable force is sen-
sitive to model parameters that affect processivity, mainly
k�ADP and k�Pi (see Fig. S3). A faster ADP release rate re-
duces the processivity and thus the maximum force, whereas
a faster Pi release increases both. The processivity is also
higher at low ATP concentrations.

Under super-stall loads, i.e., for loads higher than 7 pN,
the model shows backward stepping without hydrolyzing
ATP (see Movie S2). This is reminiscent of the ATP-inde-
pendent stepping mode observed by Gennerich et al. (20).
However, note that we made the assumption that the
detachment rate is strain-independent and that it only
takes place in D.ATP and D�.ADP.Pi configurations, which
means that we are underestimating the frequency of back-
ward steps.
Loosely coupled dimers

To reproduce the properties of yeast dyneins, we reduced the
interaction between the linkers (see Table S1 in the Support-
ing Material). This leads to a broader step-size distribution,
Biophysical Journal 107(3) 662–671



FIGURE 5 Single-molecule kinetics of tightly coupled dimers. (A) The most probable kinetic pathways for a dimeric dynein molecule. The main path

(continuous arrows) leads to an advancing step. If the binding of one head occurs before the power stroke in its partner head, this can lead to a futile

step (dashed arrows). (B) A portion of the on-axis stepping trace of a dimeric dynein molecule for different values of the load. Trace of the tail of the dynein

(black) and the corresponding x-coordinates of the MTBD of the left (red) and the right (green) head are depicted. (C) Binding site distance and step size

(measured at the tail) distributions for the respective loads. (Red and green bars) Steps taken by the left and right heads, respectively. (D) Force velocity

diagram for two ATP concentrations, [ATP] ¼ 1 mM and [ATP] ¼ 10 mM. To see this figure in color, go online.
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i.e., shorter and longer as well as sideward and backward
steps become more probable (Fig. 4, C and D). Another
consequence of the weaker interaction is a decreased differ-
ence in the elastic energy responsible for mechanical gating,
which impairs both the efficiency and the processivity of
the motor (see Fig. S4). These findings are also consistent
with the reduced processivity observed in Loa mutants
that have an alteration in the tail domain responsible for
dimerization (57).

Both the richer variety of step sizes and the reduced de-
gree of head-head coordination are in agreement with
observations on yeast dyneins (19–22). Interestingly, yeast
dyneins achieve run lengths exceeding 1 mm (19) without
coordination between the chemical cycles in both heads
(22). A plausible explanation is that the lack of coordination
is compensated by a slower product release rate, which leads
to a higher duty ratio at the cost of a reduced speed (an
order-of-magnitude slower than mammalian dyneins (19)).
In the simulation of loosely coupled dimers, a value of
k�ADP ¼ 15 s�1 leads to run lengths in the micrometer range
(Fig. 6 and see Fig. S5 and Movie S3).

The force-velocity diagram in Fig. 6 D shows a stall force
at ~6–7 pN. Its higher value as compared to tightly coupled
dimers is mainly due to the slower rate-limiting kinetic
parameter, k�ADP. Another difference is the absence of the
plateau characteristic for the tightly coupled dimers.
Biophysical Journal 107(3) 662–671
Loosely coupled dimers move backward as soon as the
load exceeds the maximum achievable force.

The simulated runs of loosely coupled dimers show almost
no coordination between the heads, which is evident from the
fact that alternating and nonalternating steps become equally
likely (see Fig. S6 B). However, the results change drasti-
cally if we restrict our analysis to steps that are observable
experimentally—i.e., we exclude all futile steps where one
head detaches and rebinds to the same position (see
Fig. S6 C). In that case, the frequency of alternating steps
is 3–4 times higher than the frequency of nonalternating
steps, which is comparable to the experimental result (21).
Almost all alternating steps are passing (hand-over-hand),
whereas the majority of the nonalternating steps are nonpass-
ing (futile and inchworm). The ratio between the frequency
of passing and nonpassing steps is determined by the relative
magnitude of kinetic rates for the recovery stroke of the free
head and the power stroke of the bound head.

The model shows a difference between the distributions
of steps taken with the left and right heads (Fig. 4, C
and D). Namely, the right head is more likely to take longer
steps than the left. This is a direct consequence of the helical
MT structure. The right head most frequently steps 7 nm
ahead of the left head, whereas the predominant step of
the left head is 9 nm ahead. For this reason, double steps
(7 þ 8 nm ahead) are more likely for the right than for



FIGURE 6 Stepping of loosely coupled dynein dimers. (A) Two common kinetic pathways. The upper branch shows an advancing step. In the lower

branch, ADP release from the lead head leads to a futile step. (B) Sample traces of the tail (black), left head (red), and right head (green) under different

load forces. (C) Binding site distance and step-size distributions for different loads. (Red bars) Steps taken by the left head; (green bars) steps taken by

the right. (D) Force velocity diagram for two ATP concentrations: 1 mM and 1 mM. To see this figure in color, go online.
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the left head (which would need to step 9 þ 8 nm ahead).
Experiments involving separate tracking of both heads of
yeast dynein also show an asymmetry between left and right
steps (21,22).
CONCLUSION

Although it has been suggested before at a descriptive level,
we have shown that a model based on the winch mechanism
in which the linker displacement pulls the load toward rather
than along the microtubule can explain a wide range of
experimental results for cytoplasmic dynein. It shows coor-
dinated hand-over-hand stepping and processivity for tightly
coupled dimers. If we weaken the connection between
the heads the model still shows directional stepping, but
the distribution of step sizes is much broader and the
head-head coordination is lost—this scenario corresponds
to yeast dyneins. With a reduced product release rate, the
motor retains a high level of processivity even without any
coordination and produces a higher maximal force at the
cost of a reduced velocity. This shows that the winch mech-
anism is in itself robust, but its stepping efficiency can be
greatly improved by an attractive interaction that leads to
the stacking of the two heads.
When setting up the model we inevitably made several
simplifications, mainly due to the lack of experimental in-
formation. These include assuming a single ATP hydrolysis
site per head, strain-independent detachment rates, and ne-
glecting some transitions outside the main path. Whereas
these assumptions are adequate to understand the basic
properties of the motor, its dynamics under more extreme
conditions (e.g., high loads) will eventually demand a
more detailed description.
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Supporting Methods

Elastomechanical Model

A dimeric molecule can be found in one of

N = 52 × (1 + 2 + r) (S1)

states, where 5 is number of chemical states of each head (ATP, ADP.Pi, ADP∗, ADP or no nucleotide)
and the dimer can either be detached from MT, bound with one head, or bound with both heads with
r possible relative positions. For r = 34 this gives N = 925 states. At a given load force the energy
of each state can be calculated from Eq. (3) and contains contributions from elastic deformations of
both stalks, interaction between the heads, as well as work performed against the load. We obtained
the configuration in each state by energy minimization.
Each stalk is described as an ideal elastic beam with bending and torsional persistence and torsional
lengths λp and λc. The elastic energy of its three-dimensional deformation is

Uel =
1

2
kBT

{
λp

∫ L

0

[(
dθ

dl

)2

+ sin2 θ

(
dϕ

dl

)2
]

dl + λc

∫ L

0

(
dψ

dl
+ cos θ

dϕ

dl

)2

dl

}
. (S2)

Here kBT denotes the thermal energy, θ, ϕ, ψ the three Euler angles, describing the local deformation
of the stalk, and l the arc length of the stalk. We discretized each stalk shape with 20 segments whose
three Euler angles were subject to variation. The minimization was performed by a custom made C++

program based on a Monte Carlo method. The initial configuration was chosen with straight stalks,
unless such a state violated the hard core repulsion between the heads or stalks (if this was the case
the stalks were additionally inclined for the initialization). At each Monte Carlo step a candidate
configuration was generated by randomly varying the direction of one stalk segment and accepting the
move if there was no overlapping between the rings and if it led to a lower elastic energy.

Kinetic Model

We simulated the stepping of dynein with a custom made C++ program based on a kinetic Monte
Carlo method (Gillespie algorithm). The rates of allowed transitions are listed in Table 3. For
transitions that involve conformational changes, the rates were multiplied with the corresponding
Boltzmann factors, obtained from the energy difference between the states. Each run was simulated
until the dimer dissociated from the MT. The stepping statistics were obtained from the analysis of
5000 simulated runs. When obtaining the average run length only those with run lengths exceeding
10 nm have been considered.
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Figure S1: A selection of minimum energy configurations of the tightly coupled dimeric dynein
molecule. Each line contains a combination of linker positions (left head-right head). “D” denotes a
head with the linker in the post-stroke position and “D∗” in the pre-stroke position. Each column con-
tains states with a certain relative position m,n of the two heads’ MTBDs (right head is attached m
tubulin α−β dimers ahead and n protofilaments to the side of the left head). Below each configuration
is the corresponding elastic energy.
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Figure S6: Distributions of steps for loosely coupled dynein dimers. (A) Step size distributions for
different loads and taking into account all steps (left panel) or discarding futile (zero length) steps.
(B–C) Temporal and spatial analysis of the relative frequency of steps. Alternating : current and
previous step taken by different heads; not alternating : current and previous step taken by the same
head; passing : the heads switch the lead and trail position; not passing : the heads preserve their
lead/trail position. (B) Futile steps, which are generally not observable in experiments, are included
in the analysis. (C) Futile steps are excluded from the analysis.

Supporting Tables

Table S1: Parameters for the loosely coupled dimers*
Parameter Description Parameter value

kl linker-linker interaction 0.1 kBT/nm2

k0−ADP ADP release 15 s−1 †

k0+ADP ADP binding 2.7 × 105 M−1s−1

*All other parameters are identical to the tightly coupled model (Tabs. 1, 2, 3).
†Estimated from velocity.
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Movie S1: Processive motion of an unloaded tightly coupled dynein corresponding to the stepping of
mammalian cytoplasmic dyneins; [ATP] = 1 mM. One second of the movie represents 0.01 s real-time.
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Movie S2: Processive motion of a tightly bound dynein under superstall load; F = 12 pN, [ATP] =
1 mM. One second of the movie represents 0.1 s real time.
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Movie S3: Processive motion of an unloaded loosely coupled dynein mimicking the stepping of yeast
dyneins; [ATP] = 1 mM. One second of the movie represents 0.1 s real time.
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