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Some things that you can learn 
from nanomechanical

measurements
• Key forces: unbinding, stall
• Distances: mechanical transitions, 

stepping, pauses
• Processivity
• Work/efficiency
• Timing/dynamics
• Biochemical: output, kinetics, models
• Inhomogeneous distributions



Single molecule 
measurements• Directly observe protein 

distributions, inhomogeneity
• Populations and kinetics are 

inherently separable
• Able to orient or determine the 

orientation of the molecule  Absorption
spectrum

“There’s plenty of room at the bottom”

Hole burning
Ensemble echo





forces

• Protein protein interactions: 1-10pN
• Protein unfolding: ~100pN
• Covalent Bonds: ~lots of pN

• Stalls:
• Kinesin ~5pN
• Virus ~50pN
• RNAP ~20-30pN



Annu. Rev. Biochem. 1997. 66:785-805





Some single molecule force 
measurement methods

• Optical tweezers
• Magnetic traps
• Atomic force microscopy
• microneedles
• Loading using flow



geometries



More on tools for measuring

• AFM: 0.01-100nN
• Optical tweezers: 0.01-150pN
• Magnetic tweezers: 0.01-150pN

• Deformations on the order of few 
angstroms or a few nm.

• Protein sizes 5-50nm





Force: an 
experimentalists time 
machine

Energy Barriers



Intermediate transition 
states can be investigated 

infrequent reactions can 
be sped up.

“soft” forces are needed to 
probe the intermediates





Models for proteins under applied force:



Challenges in constructing SM 
assays

• Linkages
• Tethers
• Pulling geometry
• Acquisition speed
• Noise
• Biology



Linkage chemistries/ strategies, 
constructing the assay.

• Poly-lycene
• BSA/ casein
• His-tag
• Epitope tags
• Biotin-avadin
• Dig-antidig
• Nucleotide overlap
• Non-specific binding



The single molecule assay
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Getting to the single molecule limit
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Change the relative concentrations of reagents and monitor the activity.

Other signals are available. To do it right you need to take your time.







Single molecule mechanical 
measurements with optical 

tweezers 
• Force resolution sub pN
• Force range -200pN
• Position resolution ~1nm
• Self-orienting
• Manipulate with light
• Non-invasive infrared light
• Can synthesize multiple traps tetris

Christoph Schmidt









LONGITUDINAL FORCE-
VELOCITY CURVES
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Change the force by 
stepping the magnet 
or decreasing the 
current in the coils

0.05pN resolution
Rotation ability
Limited position 
resolution



Tethers at the very tip?



Typical sawtooth structure



release force on 
unbinding 
steady increase of 
successive 
domains: tough to 
measure “soft”
transitions



Geometry Matters!





Velocity distributions “N” matters



Measure 
unbinding 
distributions

careful!

Keir Neuman, Dissertation

Need large 
“N”



Kinesin motility cycle
Motility cycle events:

• Binding of ATP
• Hydrolysis of ATP
• Release of phosphate
• Release of ADP
• Release of the lagging 

head
• Binding of the forward 

head
• Conformational changes, 

stepping under load
• One-head and two-head 

bound states
movie: Vale, Milligan and coworkers 

www.scripps.edu/milligan/



ATP hydrolysis structures

• ATP hydrolysis vs
• ADP structure
• Simulated annealing
• Changes the structure 

of the binding site

(Wriggers, Schulten Biophys. J., 75 p646 1998)



Longitudinal force vs. [ATP]
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Backwards Load kb (µM-1s-1)    kcat (s-1)
-1.0 pN 1.12 ± 0.09      99 ± 3
-3.6 pN 0.62 ± 0.03      87 ± 2
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heterogeneity

• Proteins have personality…



Ensemble methods for looking at distributions

Hole-burning spectroscopy

Photon Echo Spectroscopy

NMR
X-ray crystallography
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Single molecule records

Kinesin is a stochastic stepper:
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Mark Schnitzer: randomness parameter
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By measuring the variance in  velocity over 
many runs we gain information about the 
underlying kinetics



Randomness analysis

r=~0.38=1/3

3+1= 4 transitions



Phage packing experiments



Heterogeneity in RNA polymerase
RNAP

Keir Neuman, Dissertation



Keir Neuman, Dissertation



Myosin experiments, dumbell
geometry







Force Velocity Curves

Keir Neuman, Dissertation
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Distribution:







Loading rate matters







In PNAS





Geometry for 
“Unzipping” Force

Geometry for
“Shearing” Force

Force-induced strand separation of ds DNA



Chromophores on adjacent 
base pairs unquench at the 

mechanical break.

HIGHER RUPTURE 
FORCES 

FOR SHEARING 
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