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A Physical Model Reveals the Mechanochemistry Responsible for Dynein’s
Processive Motion
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ABSTRACT The molecular motor dynein is associated with various cellular activities, such as directed transport along
microtubules and the rhythmic beating of the axoneme. Because of the size and complexity of the protein, a detailed under-
standing of the mechanochemistry that drives dynein’s processive motion is lacking. To overcome this deficiency, we developed
the first (to our knowledge) computational model for two-headed dynein that couples conformational changes of the motor’s
subunits to the biochemical steps involved in ATP hydrolysis. Analysis of the model provides what we believe are several novel
insights into how the protein functions: 1), structural constraints limit the motion of the free microtubule binding domain to one
dimension, increasing the efficiency with which this domain finds a binding site; 2), in addition to the power stroke of the bound
head, recovery of the free head to a pre-power-stroke conformation is required for this head to reach a forward binding site; 3),
the order in which the power stroke and recovery transitions occur affects the probability of back-stepping; and 4), the existence
of multiple equilibria in the motor’s bending energy provides a mechanism for processive back-stepping. To the best of our
knowledge, our computational model provides the first complete mechanochemical description of the motor protein dynein,
and the findings presented here should motivate new experimental investigations to test its predictions.
INTRODUCTION
The protein dynein is a molecular motor that is involved in
intracellular trafficking and force generation (1–3). In partic-
ular, cytoplasmic dynein transports various types of cargo,
including vesicles and organelles, toward the cell nucleus
by walking along microtubules (4). Each dynein monomer
or head is a motor unit that is capable of using the free energy
of ATP hydrolysis to generate force (5). However, a homo-
dimer of two heads is required to ensure that the motor
maintains contact with the microtubule during processive
stepping.

The mechanisms used by dynein to generate force and
directed movement remain unclear (6–8). To efficiently
couple the free energy of ATP hydrolysis to force genera-
tion, the individual dynein heads must synchronize their
hydrolysis cycle (ATP binding, hydrolysis, and release of
ADP and Pi) with two mechanical cycles: 1), attachment
to and detachment from the microtubule; and 2), transitions
between the conformational states of the molecule (9,10).
Additionally, for processive stepping to occur, the mechano-
chemical cycles of the two heads must be coordinated and
occur out of phase (11–13).

Various mechanisms for energy transduction by dynein
have been proposed. A common model is one in which
the stalk (the subunit that extends from the motor domain
and interacts with the microtubule) acts as a lever arm that
adopts two distinct conformations with respect to the micro-
tubule (6,14). The transition between the two conformations
generates a power stroke that moves the motor forward.
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Alternatively, it has been suggested (7) that the orientation
of the stalk remains fixed, and movement of the tail linker
(the subunit that connects the tail domain with the motor
domain) is responsible for force generation. A third model
(8) proposes a cyclic extension and retraction of the tail,
with the stalk acting as a grappling hook that catches and
holds the microtubule as the tail retracts. Unfortunately, all
of these models have only been described qualitatively and
do not consider any potential cooperative motion of the
two heads. Here we present a mechanochemical model of
dimeric dynein that couples the known biochemistry for
monomeric dynein to the experimentally determined confor-
mational changes in the head subunits induced by changes in
the biochemical state of the motor. Computer simulations of
the model provide a detailed explanation for how this
complex protein efficiently moves along microtubules, and
lead to a number of experimentally testable predictions.
RESULTS AND DISCUSSION

Coarse-grained structural model of homodimeric
dynein

Using electron microscopy (EM), Burgess et al. (14) imaged
individual dynein heads and identified structural states cor-
responding to pre- and post-power-stroke conformations.
The ensemble of EM images generated by Burgess et al.
not only characterized the equilibrium (mean) shape of the
head in each conformational state but also provided distribu-
tions for the relative positions of the stalk and tail subunits
(Fig. 1, A and B). Our analysis of the EM images revealed
that the structure of each head can be defined by three
doi: 10.1016/j.bpj.2011.05.043
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ξ FIGURE 1 Structural model of dynein. (A) The

average pre-power-stroke conformation plus 3

SDs in the positions of the tail and stalk. (B) The

post- power-stroke conformation plus 3 SDs in the

position of the tail and the stalk. (C) The change in

geometry as the head transitions from a pre- to

post-power-stroke conformation (red to blue in

color, black to gray in black and white). In A–C

the position of the AAAþ ring is fixed in space.

(D) A schematic diagram of dynein showing the

five angles used to describe its shape. The angles

a and b parameterize the curvature of the stalk and

the tail, respectively. The angle g (BOC) assumes

two distinct values that correspond to pre- and

post-power-stroke conformations. The angles x and

d characterize relative orientation of the heads at

the point of the tail junction andmicrotubule attach-

ments, respectively. (E) Representative snapshots

showing the relative positions of the heads during

a forward step. The bound head (a) remains attached

to themicrotubule (MT)while undergoing thepower

stroke. The free head (b) moves from a trailing to

leading position while undergoing the recovery

stroke (see also Fig. S1, Table S1, and Movie S1).
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degrees of freedom: angles a and b , which characterize the
curvature of the stalk and tail, respectively, and angle g,
which describes the relative position of the stalk and tail
(Fig. 1 D). By the term ‘‘tail’’, we mean the portion of the
N sequence that lies upstream of the N-terminus of the
linker, which spans the AAAþ ring, up to the point at which
the heads are connected. In a previous study (15) we used
experimental images to estimate the distribution for these
angles and derive the bending free energy for the head in
both pre- and post-power-stroke conformations (Fig. 1,
A–C, and Fig. S1 in the Supporting Material). This analysis
established that the minimum energy conformation of
dimeric dynein when both heads are bound to the microtu-
bule is achieved when the two stalks are attached to binding
sites 8.2 nm apart with the front and rear heads in pre- and
post-power-stroke conformations, respectively (11,15)
(Supporting Material).

To gain insight into the motion of the motor during its step
cycle, we started the dimer from the minimum energy
conformation described above and continuously transformed
the front (back) head from the pre- (post-) power-stroke
conformation to the post- (pre-) power-stroke conformation.
The microtubule binding domain (MTBD) of the front head
was held fixed and the MTBD of the rear head was free to
move. Fig. 1 E shows snapshots of the resulting motion
(Movie S1). The free head’s MTBD remains in close prox-
imity to the microtubule until it reaches the binding site
immediately in front of the bound head. This behavior high-
lights a central result of the mechanochemical model pre-
sented in the following sections. Dynein’s structure
constrains the motion of MTBD of the free head to one
dimension, thereby increasing the efficiency with which
the free head finds the appropriate binding site.
Stochastic model for the dynamics of the
homodimer

Motivated by our ability to extract accurate low-dimen-
sional representations of the conformational states of
dynein’s subunits from experimental data, we developed a
computational model for the stochastic dynamics of a dynein
homodimer. The model is based on the angles defined in
Fig. 1 D and the bending energies derived from the observed
fluctuations in these angles. Additional degrees of freedom
taken into account in the model are the angles formed by
the tail subunits, x, and the stalk and microtubule, d. The
dynamics of each angle is modeled with the use of a Lange-
vin equation (Supporting Material).

We first used the stochastic model to investigate how effi-
ciently the free head finds the appropriate microtubule-
binding site. One feature that distinguishes dynein from other
linear motors, such as conventional kinesin ormyosinV, is its
large size. The entire dynein molecule is up to ~80 nm long,
with each head weighing ~0.5 MDa (compared with kine-
sin’s motor domain of ~40 kDa). Given this large size and
the relatively wide range of motion of the stalk and tail
(Fig. 1, A–C), it is reasonable to expect that the MTBD
explores a large volume of space and frequently encounters
binding sites to the rear of the attached head. Therefore,
our first goal was to use the model to investigate how the
motor overcomes these potential impediments to forward
progress. Stochastic simulations were run with the bound
head in the post-power-stroke conformation and the free
head in the pre-power-stroke conformation, the presumptive
state of the motor when reattachment occurs. Surprisingly,
the simulations reveal that when the motor is in this state,
the motion of the MTBD of the free head is constrained to
Biophysical Journal 101(1) 144–150
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a region near the microtubule-binding site directly in front of
the attached head (Fig. 2 A). Although the stalk tip can fluc-
tuate to>30 nm above the microtubule, its motion along the
microtubule remains within a region of <8 nm width
centered on the binding site. Furthermore, because the
motion of the stalk is occluded by the microtubule, the
MTBD encounters the binding site with high frequency.

To investigate whether this property depends sensitively
on the angle between the stalk and microtubule (d), we
increased the rotational flexibility of this angle so that its
standard deviation (SD) increased from 1.5� to 15� about
the mean of 90�. Although this change did broaden the
distribution of the MTBD (Fig. 2 B), it produced only
a modest increase in the frequency with which the MTBD
reached the binding site 16.4 nm in front of the bound
head. Similarly, increasing the flexibility of the angle
between the two tails (x), assumed to have a mean 0�, did
not significantly affect the distribution for the MTBD
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FIGURE 2 Range of motion for the two heads. Simulation results for the

dynamics of dynein when the bound head is in the post-power-stroke

conformation and the free head is in the pre-power-stroke conformation.

Red dots are the distribution of positions for the free head’s MTBD. The

red lines are contours of equal probability. Green and blue dots are the

distributions for the positions of the ring centers of the bound and unbound

head, respectively. Cyan dots are the distribution of positions for the point

where the two tails connect. The conformation with both heads bound to the

microtubule has been drawn for reference. (A) Tight binding: In this panel,

the angle formed by the bound head and microtubule has a Gaussian distri-

bution centered around perpendicular and 3 SDs of 5�. (B) Flexible binding:
The same as A except with a 3 SD range of 45� (see also Fig. S2).
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(Supporting Material). Thus, our results demonstrate that
the equilibrium structure of dimeric dynein constrains the
motion of the free head so that its MTBD is closely posi-
tioned near the appropriate binding site (see also Fig. S2).
We note that there are other potential sources of structural
flexibility that also might contribute to dynein’s range of
motion. For example, Roberts et al. (16) demonstrated that
the stalk undergoes a small nucleotide-dependent tilt rela-
tive to the AAAþ ring. Similarly, the N-terminus of the
linker, which we assume remains at the edge of AAAþ

ring (17), may deviate radially outward during the power
stroke. A more-detailed structural model is needed to
account for these effects. However, we do not believe they
would contribute significantly to dynein’s flexibility.
Comparison with the step-size distribution

Although experimental studies suggest that cytoplasmic
dynein takes predominantly 8.2 nm steps, steps of up to
24.6 nm and back-steps of up 16.4 nm are also observed
(18). To investigate which properties of the motor contribute
to the additional variability in the experimentally measured
step-size distribution, we perform simulations as follows:
Each simulation starts with detachment of the rear head
from the microtubule in the post-power-stroke conforma-
tion, and the front head bound in the pre-power-stroke
configuration. The subsequent power stroke of the bound
head and recovery of the free head are simulated as indepen-
dent stochastic transitions in the coordinate g for each head
(Fig. 1 D). To model the two conformational states, the free
energy for each g is assumed to have the form of a double-
well potential (Supporting Material). The shape of the
potential is adjusted to produce a stepping rate consistent
with experimentally observed rate of ~100 steps per second.
During a conformational transformation, the equilibrium
positions and stiffnesses of angles a and b are updated
to take on the values derived from the EM images for
the current state (see Appendix, Supporting Material, and
Table S1). The conformational transitions of the two heads
bias the movement of the free head so that the MTBD tends
to be positioned near the appropriate binding site (Fig. 1 E
and Fig. S3 A). However, any time the MTBD comes within
a distance of 0.2 nm to a binding site, it is assumed to attach
to the microtubule and the step size is recorded.

The results for the computed step-size distributions and
a comparison with the experimental results of Reck-Peter-
son et al. (18) are presented in Fig. 3 A. Note that it was
not experimentally possible to detect cases in which the
free head reattached to the site from which it was originally
bound (i.e., a step size of 0). This limitation accounts for the
discrepancy between the experimental data and the model
for step sizes of 0. We include such steps in the modeling
results because they reveal that the frequency of futile cycles
increases when the flexibility in the angle (d), describing
the orientation of the stalk relative to the microtubule
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orientation, increases. The figure shows results for three
different combinations of stiffness in the angles between
the stalk and microtubule (d), and between the tails x. The
simulated distribution in which the SDs in the angles
d and x are 16� and 40�, respectively, is in close agreement
with the experimental results. Thus, the model predicts that
considerable flexibility in the angles d and x is required to
achieve step sizes of >8.2 nm and back-stepping.

Although these simulations accurately reproduce the
distribution of back-steps and correctly capture the predom-
inance of 8.2 nm steps, the model underestimates the
frequency of the large (>8.2 nm) forward steps measured
by Reck-Peterson et al. (18). However, our results are consis-
tent with the step-size distributions reported by Toba et al.
(19), who did not observe steps larger than 16 nm. A possible
explanation for this discrepancy in the step-size distribution
is that the form of dynein studied by Reck-Peterson et al. (18)
occasionally assumes a less compact conformation in which
one or both tail linkers are undocked from the AAAþ rings.
Indeed, Carter et al. (17) recently showed that the construct
used by Reck-Peterson et al. (18), in which truncated dynein
heads were dimerized by glutathione S-transferase (GST),
has a pseudo-twofold symmetry with the AAAþ rings
apposing each other and the stalks pointing in opposite direc-
tions. With this construct, it is presumed that for both heads
to bind to the microtubule, one of the linkers must detach
from the head. This suggests that linker undocking might
increase dynein’s flexibility and its ability to take forward
steps of >16 nm.
Next we investigated how the order of the power stroke
and recovery affects the step-size distribution (Fig. 3 B).
We ran two types of simulations: one in which the power
stroke of the bound head is not initiated until the recovery
of the free head is completed (open histogram), and one in
which recovery does not occur until completion of the power
stroke (solid histogram). Our results show that back-stepping
is less prevalent when the power stroke precedes recovery.
This result has a structural explanation. The pre-power-
stroke conformation of the dynein monomer is more elon-
gated than the post-power-stroke conformation (compare
Fig. 1, A and B). During the power stroke, the bound head
shortens and effectively pulls the diffusing head in the
forward direction. If the free head has already undergone
the recovery transition, it assumes the elongated conforma-
tion and its motion is obstructed by the microtubule during
the power stroke (Fig. S3, B and C). This barrier to diffusion
makes it more likely that the free head will encounter a site
behind the attached head (Fig. 4 D). These results suggest
that a coupling mechanism between the heads may exist to
ensure that the attached head will undergo the power stroke
before the recovery transition of the free head is completed.
Calculation of the mean search time and step
velocity

We next investigated how flexibility in the angles d and x

affects the time required for the free head to find a binding site
(Fig. 3 C). Initially, as the flexibility of the stalk-microtubule
Biophysical Journal 101(1) 144–150



FIGURE 4 Simulations of processive motion. (A) Time series for dynein’s movement along a microtubule. Stochastic transitions between the forward- and

backward-stepping states are apparent. (B) Time series for the bending energy of the dimer (thin trace) corresponding to the time series shown in A. The thick

trace shows the energy values averaged over the duration of the corresponding mechanochemical cycle. (C) Histogram of the bending energy from a long

simulation showing three distinct maxima, corresponding to minima in bending energy. When the motor is trapped in the higher-energy states, it steps back-

ward. In the lower-energy states, it moves forward. (D) A diagram demonstrating the transition from the low-energy forward-stepping state to the higher-

energy state associated with backward stepping. After the free head transitions to the pre-power-stroke conformation, it binds to a site behind the bound head,

which is in a post-power-stroke conformation. The motor is now poised for back-stepping (see also Fig. S4, Table S2, Movie S2, and Movie S3).

148 Tsygankov et al.
interaction is increased, the average time to reach abinding site
grows, because the distribution for the freeMTBD is no longer
highly localized around the microtubule-binding site located
8.2 nm in front of the bound head (compare Fig. 2, A and B).
Of interest, as the flexibility of the angle d is further increased,
the average search timedecreases because binding sites behind
and multiple sites in front of the attached head become acces-
sible to the free head. Fig. 3D shows that, in general, increased
flexibility in the angle d tends to decrease the velocity of the
motor (defined here as the mean step size divided by the
mean search time), because increased back-stepping
outweighs the benefit of taking steps of >8.2 nm. However,
more flexibility in the angle joining the tails can produce up
to a 30% increase in the average velocity when the angle
between the attached head and microtubule is sufficiently stiff
(Fig. 3 D).
Full mechanochemical model of dimeric dynein

Finally, we combined our previously derived kinetic model
for dynein’s ATP hydrolysis cycle (11) with the structural
model described above to produce a full mechanochemical
model for homodimeric dynein. Computational simulations
Biophysical Journal 101(1) 144–150
of the model involve a Monte Carlo method for biochemical
transitions (ATP binding, ATP hydrolysis, and ADP and Pi
release) and Langevin dynamics for mechanical transitions
(power stroke, recovery, and attachment). Full details of
the model are provided in the Supporting Material. Our
previous kinetic analysis revealed that reproducing the
experimentally measured velocity and processivity requires
the assumptions that when the motor is in a compact confor-
mation (i.e., both heads bound to the microtubule), ADP
release from the rear head is increased and the front head’s
ability to complete the power stroke is impaired. We showed
that including these state-dependent rates in our kinetic
model tends to keep the ATP hydrolysis cycles of the two
heads out of phase and allows the motor to achieve both
high speed and high processivity. If mechanical strain
from the attached rear head in the ADP state hinders the
power stroke of the front head, it seems logical to assume
that the power stroke of the front head would facilitate
dissociation of the rear head. The dissociation rate of the
rear head increases significantly once ATP binds to this
head (10). A portion of this speed-up could indeed come
from the power stroke, although our current model does
not explicitly take this effect into account.
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The behavior that results from the full model is presented
in Fig. 4, A–C, and Movie S2. One unexpected property of
the motor is the emergence of stochastic transitions between
runs of processive forward and backward steps (Fig. 4 A).
The backward-stepping state of the motor can be understood
as follows: During a typical forward step, the attached head
undergoes the power stroke and the free head transitions to
the pre-power-stroke confirmation before reattaching to the
site directly in front of the bound head. If instead the free
head attaches to the microtubule site directly behind the
bound head (Fig. 4 D, rightmost conformation), the motor
is forced into a conformation that minimizes the bending
energy (i.e., is stable) but is a higher-energy state than the
global minimum assumed by the motor when the free
head binds to the site in front of the bound head (Fig. 4 D,
leftmost conformation). In this strained conformation, the
leading head is more likely to detach and reattach to the
site behind the bound head (backward stepping; Movie
S3). However, thermal fluctuations eventually drive the
motor back to the conformation that minimizes the bending
energy, and the motor resumes forward stepping.
CONCLUSIONS

The existence ofmultiple local minima in the bending energy
(Fig. 4,B andC) underlies the transitions between processive
forward and backward stepping. This feature of dynein’s
motion was previously observed in experiments (20–23) in
which the motor moved under external loads. In our model,
the onset of successive back-steps does not require a force
resisting forward motion. However, the assumptions used
to simplify the model, or uncertainty in the flexibility of
the angles d and x, might underestimate the separation in
bending energy of the local minima, making transitions to
the strained state rare in the real motor without an applied
force. In contrast to dynein, which exhibits runs of back-steps
under substall forces, processive back-stepping in kinesin is
observed only under superstall forces (24). Our model
predicts that this difference is attributable to the existence
of multiple equilibria in the dynein’s bending energy, which
presumably do not exist in the much smaller kinesin.

Although some evidence for cooperative interactions
between dynein’s two heads has been reported (13,25,26),
a direct physical interaction between AAAþ rings has not
yet been demonstrated. Our model suggests a likely place
for such an inter-ring interaction. During single forward
steps, the simulations predict that the AAAþ rings of the
two heads maintain a compact conformation (i.e., remain
in close proximity). Surprisingly, there is a point on the
two ring domains that tends to undergo purely horizontal
motion throughout the step cycle (Movie S1), i.e., it acts
as pivot about which the heads rotate in opposite directions.
The point is located between the fifth and sixth AAA
domains of the ring (5.60 nm from the ring center and
53.7� from the point where the stalk emerges). An interhead
interaction at this point (electrostatic or hydrophobic) with
rotational freedom would not interfere with the heads’
motion during forward steps of 8.2 nm, but would prevent
longer steps and back-stepping from occurring. Therefore,
our model predicts this site as a likely point for the two
heads to interact. Of interest, this site is located in the region
where EM mapping predicts the location of the head’s
C-sequence domain (16). Numata et al. (27) examined the
role of the C-sequence in dynein’s motility. The authors
concluded that the distal C-sequence segment may affect
the motor’s processivity by interfering with an interhead
interaction. Our results are consistent with this conclusion.

The most important feature of dynein’s mechanochemical
cycle revealed by our simulations is that the motor’s struc-
ture causes the MTBD of the free head to remain in
close proximity to the microtubule as the MTBD moves
toward the next binding site (Fig. S3 A, Movie S1, and
Movie S2). That is, the motion of the MTBD is essentially
constrained to one dimension. This reduction of dimension
greatly improves the efficiency with which the free head
finds the appropriate binding site.

We also find that the power stroke by itself is not suffi-
cient to move the free head from a binding site behind the
attached head to one in front. Reaching the forward site
also requires the free head to recover from the post- to
pre-power-stroke conformation. That is, recovery is not
simply a passive process required to reset the motor domain;
it is an integral part of dynein’s step cycle that allows the
motor to move efficiently in the forward direction (Fig. 1 E).

In summary, we have developed a full mechanochemical
model for the motor protein dynein. The model is consistent
with the known biochemical and biophysical properties of
the motor and provides a detailed explanation for how this
large and complex molecule efficiently moves unidirection-
ally along microtubules. Our hope is that the results pre-
sented here will inspire new experimental designs to test
the predictions of the model.
APPENDIX

Our model is built from structural data extracted from EM images that

resolve conformational changes of dynein’s motor domains in the plane

of the AAAþ ring (14). Other experimental results demonstrate that

dynein’s motion is primarily in a plane parallel to the axis of the microtu-

bule (6,28). Thus, if we ignore occasional side-stepping, our two-dimen-

sional model should faithfully represent the motor’s dynamics.

The geometry of the AAAþ ring is taken to be a circle of radius R. The

stalk and tail are assumed to be flexible but inextensible, with lengths Ls and

Lt, respectively. The stalk is assumed to emerge perpendicularly from the

AAAþ ring (17), whereas the tail emerges tangentially. The line segments

from the center of the AAAþ ring to the points of emergence of the stalk

and the tail define the angle g. These considerations allow the conformation

of each head to be described by the following set of variables:

fa ¼ Ls=Rs; b ¼ Lt=Rt ; gg, where Rs and Rt are the radius of curvature

for the stalk and the tail, respectively (Fig. 1 D, Fig. S1 A, and Fig. S2 A).

The distributions for the variables a, b, and g are different in the pre- and

post-power-stroke conformations, with the most pronounced difference

being the mean values of g. To simulate transitions between the pre- and
Biophysical Journal 101(1) 144–150
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post-power-stroke conformations, we introduce a double-well potential,

Eg, with local minima at ðgpost ¼ 28:5+;EpostÞ and ðgpre ¼ 86:0+;EpreÞ
(Fig. S4, A and B). Mathematically, this potential is described by three

smoothly connected parabolas, so that the pre- and post-power-stroke confor-

mations correspond to Epre<Epost and Epre>Epost, respectively (Fig. S4, A

and B). Stochastic switching between the two potentials simulates the power

stroke and recovery, and corresponds to an overall free-energy change of

2 jEpre � Epostj, which is set equal to the free energy available from the

ATP hydrolysis (29).

The mean diffusion velocity (Fig. 3 D) is calculated using the expression

hvi ¼ P
i ðsi,fiÞ=hti, where si is the discrete step size, fi is the normalized

frequency of occurrence of the step size si (Fig. 3 A), and hti is the mean

time for the free head to bind the microtubule (Fig. 3 C).

Further details on incorporating simulations of dynein’s structural

dynamics intoMonte Carlo simulations of the motor’s ATP hydrolysis cycle

(11) (Fig. S4 C) are provided in the Supporting Material.
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