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Examples of Single-Molecule Manipulation Data

Danilowicz et al. PNAS 100, 1694 (2003). 
Liphardt et. al., Science 292, 733 (2001).
Botello et. al, J. Phys. Chem. B (2009) in press.
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Outline
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Protein Folding Thermodynamics

• Energy profile for a two state 
system

A: native state
B: denatured state

‡: transiton state
X‡

A->B : distance between native 
and transition states

ΔG0: stability of the protein 
• The rate constant for 

unfolding is related to ΔG0‡

• Application of force changes 
the free energy profile

Bustanamte et. al, Annu. Rev. Biochem. (2004)
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Jarzynski’s Equality

• Relates equilibrium properties from nonequilibrium 
measurements  

Jarzynski, Phys. Rev. Lett. 78, 2690 (1997)

ρ(w) Work distribution
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Experimental Test of Jarzynski’s 
Equality: RNA Folding Experiment

• Force-extension curves of RNA 
folding/unfolding.
– Red: 52 pN switching rate

(irreversible) 
– Blue: 2-5 pN switching rate

(reversible)
• Integrate from 341 to 371 nm
ΔG = 60.2 kB T (error within 1 kB T)
Liphardt et al., Science, 296, 1832 (2002).



Ching-Hwa KiangRice/Physics & Astronomy

Titin in the sarcomere

• The giant muscle protein titin (connectin), is 30,000 amino acid long
• Titin play an important role in muscle contraction and elasticity

www.uni-muenster.de/Biologie.AllgmZoo/AGLinke/PAGES/GENERAL/RESEARCH/research3.htm
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Molecular Dynamic Simulations of 
Titin Unfolding

http://www.ks.uiuc.edu/Research/smd_imd/titin
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Experimental Procedures

• Pulling engineered 8mer of 
the I27 domain of the human 
cardiac titin protein

• Several hundred force- 
extension curves at each 
speed were used for 
calculations

• Determining the entire free 
energy curve of stretching 
including free energy barrier 
of unfolding 

Harris, Song, and Kiang, Phys. Rev. Lett. 99, 068101 (2007).
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Force-Extension Curves

• Typical sawtooth pattern 
of the force–extension 
curve of (I27)8

• Force peaks near 200 pN: 
Ig-domain unfolding

• Last peak: rupture of the 
polymer from the sites of 
attachment

• Fits worm-like-chain 
(WLC) model
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Mechanical Unfolding of Titin I27

• Align force-extension 
curves at the 
transition state

• Jarzynski’s equality 
averages same z 

• Shown are 20 curves 
taken at 1 μm/s 
pulling velocity

• Work distribution 
depends on pulling 
velocity
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Histogram Method

z (m) : z from the mth bin
N: number of realizations
T: time
U: potential energy stored in the cantilever
Hummer  and Szabo, Proc. Nat. Acad. Sci.  98, 3658 (2001)
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Free Energy Surface of I27 Unfolding

Harris, Song, and Kiang, Phys. Rev. Lett., 99, 068101 (2007).
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Free Energy Curves of Stretching

• Using 6 Å as the distance between the native 
and the transition state, we determine the free 
energy barrier of unfolding I27 to be 11 kcal/mol

• The result compares favorably with previous 
estimates using chemical denaturation and 
other force-peak distribution methods, 
10-22 kcal/mol using k = ko exp(-ΔG / kB T)

William et. Al., Nature, 422, 449 (2003)
Hummer  and Szabo, Proc. Nat. Acad. Sci.  98, 3658 (2001)
Vasquez and Fernandez, Proc. Nat. Acad. Sci.  96, 3694 (1999)
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• Harris, Song, and Kiang, Phys. Rev. Lett. 99, 068101 (2007). 
• Nome et. al., Proc. Natl. Acad. Sci. USA, 104, 20799 (2007).
• Preiner et. al. Biophys. J. 93, 930 (2007).
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Velocity Convergence of Free Energy Surfaces

Free energy curves from Jarzynski’s equality are 
independent of velocity
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Comparing Results from Jarzynski’s 
Equality with Regular Averaging

Both the free energy curves and the barrier are 
independent of velocity when using Jarzynski’s equality
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Work as a Function of Velocity

Distribution is non-Gaussian, indicating process nonequilibrium
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Fast or Slow Pulling?

• Low pulling velocity
– requires fewer data
– instrument drift 

becomes the major 
source of error

• High pulling velocity
– Data needed grows 

exponentially
– Limited accuracy 

and resolution
Harris and Kiang, Phys. Rev. E 79, 041912 (2009).
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Velocity Convergence

For 0.5 μm/s pulling velocity, the results converge 
after averaging 200 data points
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Temperature Dependence of Free Energies

• Titin free energies depends on temperature and denaturant 
concentration linearly, similar to bulk chemical unfolding.

• Trends consistent for different pulling velocities.
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Temperature and Chemical Denaturant Dependent 
of Unfolding Free Energy Barrier of Titin I27

• Trends are consistent with bulk chemical denaturant 
experiments.  ΔH‡=29 kcal/mol, ΔS‡=0.06 kcal/mol-T.

Botello, Harris,  Sargent, Chen, Lin, and Kiang, J. Phys. Chem. B (2009) in press.
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Is End-To-End Distance a Good Reaction Coordinate?

Botello, Harris,  Sargent, Chen, Lin, and Kiang, J. Phys. Chem. B (2009) in press.
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