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(Classic) Molecular Motors

Helicase Unwinds DNA Ribosome Synthesizes Proteins
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Sarcomere Structure
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Deterministic Tilting Motion
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The Actin-Myosin Cycle
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Isometric Three-Bead Assay

Barbed-End Pointed-End

Actin Filament

Motor Trap
and Bead

Transducer Trap
and Bead Myosin

Pedestal

B

A

Force = ~10 picoNewtons

∆GATP
= ~100 zepto Joules 

Displacement 
= ~10 nanometers 

W = ½ F · D
= ~50 x 10-21 Joules
= ~50 zepto Joules 
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Vesicle Movement in Cell Extract
Nira Pollack & Ron D. Vale, UCSF
From: Molecular Biology of the Cell, 4th ed.

Melanosome Movement
John A. Hammer, III, NIH

Molecular Motors in Non-Muscle Cells



Myosin Family Tree



Myosin V Processivity

20,000 nm
10x speed
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Myosin V

Stalk

Cargo Binding
Domain
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Motor Domains
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Hand-Over-Hand Model of Processive Transport



Bifunctionally Labeled 
Calmodulin on Myosin V

Cys66

Cys73

Calmodulin Motor Domain

Tail

Calmodulins

Cargo Binding
Domain

Stoichoimetry, Specificity and Cross-linking:
• HPLC
• Mass spectrometry 
• Tryptic digestion



Bifunctional Rhodamine on Myosin
Regulatory Light Chain

bwiggle.avi
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Expressions for Data Analysis

General Expression

Slow Wobble  τf << τc << τg

Fast Wobble τc << τf
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2) Verification of method
• Single and multi-molecule

polarization of labeled actin
• Single and multi-molecule

polarization of RLC-labeled
myosin II

polarized intensities

lab frame

Data Analysis

1) Maximum likelihood fitting routine to convert
measured intensities to 3-D orientation: θ,φ,δ
Considerations include:

• colinear absorption and emission dipoles
• evanescent wave polarization 
• high numerical aperture objective lens
• fast and slow motion
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!!!!!!!Myosin V Beta Distribution!!!!!!!
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Diffraction limited spot
Width of λ/2 ≈ 250 nm
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With enough photons (signal to noise) …
Center can be determined to ≈ 1 nm.

Center represents (under appropriate conditions) position of dye.



Myosin V Processivity

20,000 nm
10x speed



1000 nm

The Movie

Paul Selvin, Taekjip Ha
and colleagues

University of Illinois



Center of 
mass

37/2 nm
x

74 nm

37-2x

37 nm

Expected step size
Hand-over-hand:

Head = 2 x 37 nm= 74, 0, 74 nm
CaM-Dye: 37-2x, 37+2x, …

0 nm

37+2x

Myosin V Labeling on Light Chain: Expected Step Sizes
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50-20 nm steps
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C.  Hot Spot

37+2x
37–2x

37+~

Expected 
Angles

Expected 
Angles

Expected 
Angles

nm
37-~

nm

Models for Myosin V Processivity
A.  Hand Over Hand B.  Inch Worm

37 37
nm

Expected 
Translocation

Expected 
Translocation

large wobble

small wobble

large wobble



Hand over Hand Model for Myosin V Processivity
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Myosin V Processivity 1



Myosin V Processivity 2



Myosin V Processivity 3



Myosin V Processivity 4









Deterministic Working Stroke



Thermal Motions





Thermal Motions



Completion of Step





Lifetime of Myo V S1 Attachments

r = r0 exp(- W / kT) 

Veigel et al., 
Nat Cell Biol. 2005 
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1 µm
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70 nm pixels; 2 frames/s
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Myosin Family Tree



• Myosin-VI is a processive motor that takes 
frequent backward steps.

• The step size of myosin-VI is much larger 
than expected, based on the length of the 
putative lever arm. 



Myosin VI



MORE Complicated SMFP Experimental Setup:
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Molecular Motor Toolbox



Dynein and Dynactin Complex for Cargo Binding

Single Molecule Symposium

April 21, 2005



Rhodamine Microtubules in 
epi-fluorescence

Processive GFP-dynactin/dynein visualized by total internal 
reflection fluorescence (TIRF) microscopy. 

∆t = 100 ms

Single Molecules of GFP-Dynactin/Dynein Walk Along 
Microtubules Bi-directionally

Region of 
Interest 3µm



Analysis using Kymographs of Single Microtubules

Angle, θ,  relates to velocity in pixels/frame by: tan(θ) =
∆x(pixels)
∆t( frames)

3µm
D
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Conclusion: Dynein Bi-Directionality Caused by Flexible 
Structure

First direct observation of dynein motility via fluorescence

Dynein AAA motor head could function as a gear

Dynein appear bi-directional: How?

Over-rotation of coiled-coil flexible linkers?

Continues to powerstroke

Walks in opposite direction
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Vesicle Movement in Cell Extract
Nira Pollack & Ron D. Vale, UCSF
From: Molecular Biology of the Cell, 4th ed.

Melanosome Movement
John A. Hammer, III, NIH

Molecular Motors in Non-Muscle Cells
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Challenges and 
Opportunities

• Improvement of experimental technology

• Functional modulation the rate constants

• Controlled assembly of secondary structure?

• Mechanisms of the other motors

• Specificity of cargo binding

• Targeting of cargo destination

• Integration with other events (cell division, 
signal transduction, etc) 
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• Molecular Motors

• Muscle Energetics and Strain Dependence

• Unconventional Myosins – Myosin V

• Single-Molecule Fluorescence Polarization
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SMFP Experimental Setup:
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Use polarized light for excitation and detection to determine orientation of probe
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6 different polarizations for excitation

2 different 
polarizations 
for detection

Totally eight 
measured 
intensities along x 
and y direction 
obtained within 
40 ms

s1Ix (45L1Ix) s2Ix

s1Iy (45R1Iy) s2Iy
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The image below is a panoramic view of the interior of a eukaryotic cell, such as a cell from your own body. The area 
covered is shown in the schematic map to the right. The panorama starts at the cell surface, passes through an area of 
cytoplasm, then follows the synthesis of proteins from the endoplasmic reticulum, through the Golgi, and into a coated 
vesicle. At the center of the panorama is a mitochondrion, generating energy for the cell. The final region passes into 
nucleus. All macromolecules are shown, with proteins in blue, DNA and RNA in red and orange, lipids in yellow, and 
carbohydrates in green. Ribosomes, composed of RNA and protein, are colored magenta. In a real cell, the spaces 
between each macromolecule are filled with small molecules, ions and water. 
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