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Why Walking is Needed: diffusion is too slow

d ∼
√

Dt Square root is not really a function

Using cytoskeleton tracks (F-actin and microtubules).
Filaments are polar, therefore directionality can be established.

2 helical strands
repeats 36nm Each unit ~5nm 13 strands

repeats 8nm Each unit ~8nm
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Molecular Motors

Molecular Motors are true nanomachines 
(<10nm).

Use single molecule chemical energy, or 
transmembrane ion gradients.

Typical force 10-50pN.

Operate in a viscous environment (Re~0).

Can borrow thermal energy from the
surroundings (ratcheting mechanism).

Conformational change is dramatic, on the
order of nanometers.

Mutations usually do not destroy motor 
function.
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Motor Dynamics: Kinetics vs. Energy Landscape

Mechanical Variable

Kinetic States:
Basins on the energy surface
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Kinetic picture only describes the basins
and transitions between them. Tight coupling
between chemistry and conformation.

Energy landscape describes the response
of the system to external forces. More
relevant for single molecule experiments. No
tight coupling. Fluctuations in conformation.

Slightly more difficult to compute.

Requires a Fokker-Planck Eq. 
description.

ATP+MM ADP+Pi+MM
+Work

∂ρ(ξ, s, t)
∂t

= −D∇ · J +
∑

s′

k(s, s′)ρ(ξ, s′, t)

J = −∂E(ξ, s)
∂ξ

ρ(ξ, s, t)− ∂ρ

∂ξ

4



Myosin Motors
•Muscle Contraction.

•Sliding Filament/ Swinging 
Cross-Bridge Mechanism.

•Contractile Systems.

•Cytokinesis.

•Membrane Ruffling.

•Actin Based Transport.

•Vesicle Targeting and Cell 
Polarity.

•Sensory Hair Cell Stereocillia 
Anchoring and Transport.

•RNA Transport.
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•Myosin V is involved in vesicle and 
organelle transport.

•Myosin V is a processive motor that 
walks toward the plus-end of F-actin.

•Myosin V has 2 myosin motor domains.

•Myosin V takes discrete steps (~36nm).

•Uses one ATP molecule per step.

•There are substeps.

•The step-size is independent of the load 
force!

Mehta et al. Nature, (1999).
Reif et al. PNAS, (2000).
Veigel et al. Nat. Cell. Biol., (2001).
Tanaka et al. Nature, (2002).
Yildiz et al. Science, (2003).

Myosin-V is a Processive Motor: Walks on F-actin

Motor Domains Light-chains
6IQ motifs

Actin Track

Light-chains

Cargo
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Myosin-VI is also processive, but towards the 
minus end

Light-chains

Cargo
•Ligh-chain domain is much 

shorter (2 IQ motifs)

•Myosin VI still takes discrete 
steps (~36nm).

•Step-size distributions are much 
broader

•There are substeps.

•The step-size is independent of 
the load force!
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Myosin Kinetics
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E0(θ, s) (1)

1

After Pi release, the lever-arm 
swings forward.

Binding of ATP releases myosin 
from actin and re-cocks the 
lever arm.

θ

rate limiting
step
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Myosin-V Docking Geometry

Actin Subunits
Myosin can bind to each actin.

Calmodulin Subunits

Bending energy
of the light-chains

E = E0(θ1,φ1, s1) + E0(θ2,φ2, s2) + El(θ1, θ2,φ1,φ2, z,F)

θ1

θ2

z

ψ

z-direction

1 2 myosin head

light-chains

ZLoad Force

A B

C
bending at the joint:
elastic strain

A

B

C

Top View

B

Load Force

C

Front View

Side View

Actin Track

A

y

x

η(z)

φ1

φ2

D
DP
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Light-chain Elasticity: Semiflexible Rods

El = −kBT
6∑

i=2

lp
a3

[ri · ri−1 + r′i · r′i−1 − 2a2]− F · r6 + C(r6, r′6)

lp : persistance length ∼ 120nm

a : IQ motif size ∼ 5nm

F : external Force

Bending energy depends on the boundary conditions: (θ1,φ1, θ2,φ2)

light-chains
calmodulins

ri

ri−1

There are also fluctuations, free energy calculations are done
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Motor domain energy

Preferred conformation
for different motor states

Can be obtained from 
structure

Unknown, has to be guessed
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E0(θi,φi, si) =
1
2
κ(si)(θ − θ0(si)) +

1
2
κ′φ2

i + c(si)

κ, κ′

constant energy 
difference between 

states, obtained from 
monomer kinetic 
measurements
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Bound D-DP State, right after binding to actin
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Force = 0pNForce = -2pN

Binding to 36nm is lowest in energy, 
due to light-chain elasticity and 

helical nature of F-actin
at 2pN force, forward binding energy 

is the same as backward binding
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Myosin-V Kinetics: Binding to Actin
The unbound myosin head is free to diffuse.
The diffusion constant is large, mean passage time to
the binding sites are negligible. 

!

light-chains

Load Force

Actin Track

Unbound

Actin bound

!Eb

!Es

E

"

Transition state energy for binding to actin:
a function of the binding geometry and external force.

∆Es = E0(θ1,φ1, s1) + E0(θ2,φ2, s2) + El(θ1,φ1,F)
∆Eb = E0(θ1,φ1, s1) + E0(θ2,φ2, s2) + El(θ1,φ1, θ2,φ2,F, z)

E† = λ(∆Eb −∆Es) + ∆Es Binding to actin slows down with F.
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Gating: Which Head Detach First?
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ADP Release as a Function of Angle
The angle of the lever-arm is correlated with
the geometry of the binding pocket.

As the lever arm swings forward, the pocket
becomes more open, ADP release is 
enhanced.

This conjecture has been confirmed in expt. 
(first due to Veigel et al, 2002).

ks→s′(θ, φ)
Rates are functions of conformation

θ1

θ2

myosin head

Load Force

Actin Track

θ1

myosin head

Load Force

Actin Track

D D

Trailing head release ADP first
detach first from F-actin
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Results:
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trap center and immediately began to deviate from the trap center
again as a result of the processive motility of myosin V along actin.

We observed regular forward steps of !36 nm, approximately
equal to the half pitch of the actin filament helix. Nearly half of the
36-nm steps contained an ‘intermediate state’, indicated by horizon-
tal arrows in Fig. 1b (compare inset). At higher forces "2 pN, 
backward 36-nm steps (see large vertical arrows in Fig. 1b) and back-
ward steps from the intermediate state (see small vertical arrows in
Fig. 1b) were identified8,16.

To confirm that a single molecule is sufficient to generate the move-
ment observed, we examined the fraction of beads that bind and move
processively along an actin filament at various mixing ratios of myosin
V and bead. We confirmed by statistical analysis that single myosin V
molecules were sufficient to move the beads (Fig. 1c)17,18.

The force-velocity relationships in the presence of 1 mM ATP 
(± ADP) were sigmoidal, showing a steep decrease in the velocity at
higher than !1 pN (Fig. 1d). In comparison, the relationship in the
presence of 10 µM ATP showed a small force dependence. ADP release
is rate limiting in the presence of 1 mM ATP12, whereas ATP binding
becomes rate limiting at low ATP concentrations12. The present results
suggest that ADP release is more load dependent than ATP binding. It
should be noted that the stall force, 2.5–3 pN, does not depend on the
nucleotide conditions (Fig. 1d).

Measurement of substeps within each 36-nm step
The time course of bead movement examined on an expanded time
scale with 0.1-ms time intervals clearly shows the existence of substeps
within the regular 36-nm step (Fig. 2). We identified the presence of
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Figure 1 Stepwise movement of single myosin V motor under various
external loads. (a) Schematic illustration showing how the movement of 
a myosin V–coated bead is measured. To allow the interaction of myosin 
V with an actin filament, the bead trapped with optical tweezers was moved
onto a single actin filament attached to the glass surface through BSA 
using the biotin-avidin interaction. The position of the trap center was then
fixed. The black and blue arrows, respectively, show the directions for the
myosin V movement and the applied external load. (b) An example showing
the displacement of the bead, where the consecutive 36-nm stepwise
movements are clearly seen. A backward 36-nm step is shown by a large
vertical arrow. A backward step for the substep is shown by a vertical small
arrow. An intermediate state (shown by horizontal arrows) after a short step
(substep) is sometimes observable; the 36-nm step in the middle trace is
enlarged in an inset. The force was calculated from the displacement of the
bead from the trap center times trap stiffness (0.009 pN nm–1 in b; right
axis). (c) Relation between proportion of beads that moved along an actin
filament and a mixing molar ratio of myosin V to beads. The proportion of
moved beads (avg. ± s.d.) was obtained by examining three trials for each
bead (20 different beads) at each point. A solid curve was obtained by fitting
with 1 – e–#C, where c is the mixing molar ratio of myosin V to beads, and 
# (0.197) is the fitting parameter9,17,18. (d) Force-velocity relationship
obtained under different conditions (n = 8–24 at each point, total = 405).
The relationship shown by solid curves was obtained as described in the
Methods section.

Figure 2 The time course of myosin V 
movement at a 10-kHz sampling rate and force
dependence of the occurrence of various steps.
(a) Consecutive two substeps at 1 mM ATP
shown in the upper trace and at 1 mM ATP +
100 mM BDM shown in the lower trace. We
determined whether or not substeps were
present by obtaining the histogram of the bead
positions at 0.1-ms time intervals (gray lines).
Black lines were obtained by the smoothing of
21 successive points. (b) Force dependence 
of step size in the presence of 1 mM ATP. The
size of the steps was estimated as described in
Methods. The first 12-nm substep, blue circle;
the second 24-nm substep, green triangle; the
36-nm step in which substeps could not be
identified, red square; the 12-nm substep that was followed by a backward step, dark blue circle; the backward steps, black circles. We could not
determine the occurrence of the 24-nm backward step. The figures along the right ordinate are the average step size estimated independent of force as
shown by a straight line parallel to the abscissa.
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Substeps

11nm substep is due to actin binding:

25 nm substep is due to power-stroke of the leading head.

Actin Track

11nm

Actin Track

25nm
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Movies of Myosin-V Movement

Load force = 0pN

Load force = 1.0pN
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Mutants: Shorter Light-chains

A Mutant with shorter light-chains still walks forward.

z-direction

myosin head

Load Force
Mutant Myosin V

-40 -30 -20 -10 0 10 20 30 40 50
0
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80

step-size

4-segment chains

However, it takes smaller steps, but walks faster!
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What about myosin-VI?

Actin Track

myosin head

Actin Track

Coiled-coil
domain

Unfolds to a very soft chain

Rock, Spudich and Sweeney et al, 2005

myosin-VI light-chain unfolds, therefore
can potentially reach 36nm binding site.
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E0(θ, φ, s) =
1
2
k1(θ − θ0(s))2 +

1
2
k2φ

2

different equilibrium
geometry

light-chains pointed in the other direction

Walk backwards !!
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But how can it still walk?
Light-chain very soft, entropic elasticity: worm like chain

F (x) =
kBT

lp

[
1

4(1− x/L)2
+

x

L
− 1

4

]

El(R1,R2) = El(|R1 −R2|) =
∫ s

0
dxF (x)

R1 R2
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Myosin VI walks also
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Step-size is random
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Floppy legs can walk too, but
just more wobbly. 
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What can we say about kinesin and dynein?

The coordinated movement of 2 motor domains must 
follow the same principle as myosin-V and VI.

Kinesin and dynein seem to travel on a single 
protofilament. This has to do with the property of the 
connecting protein structures. (El)

Muscle can be thought of as many myosin-V’s operating 
on F-actin.
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