Essential equations

pz_ _k+
__Keq_

P k_
k. =Cexp

k_=Cexp

— =exp

(GZ—GI)—F(xz—xl)

kT




“Progress in science depends on
new techniques, new discoveries
and new ideas, probably in that
order.” (Sydney Brenner)

Nobel Prize in Physiology (with MIT’s Robert
Horvitz) in 2002

Photograph removed due to copyright restrictions




Forces at the molecular level

Rupture
Type of Force Example Force™ Length Energy
Breaking of a N ~16x%x10*°]
covalent bond ¢C 1600pN 1 0.1-0.5 nm ~90-350 kT
Breaking of a ~ 19
noncovalent | Biotin/streptavidin | ~5-160 pN ~1nm 1',?4)8 T(PI' .
bond.
Breaking of a N N ~4-8 x 1021 )
weak bond. Hydrogen bond 4-20 pN 0.3nm ~1 kT
Dalceg:zsjlify Kinesin walking on ~E B\ 8 nm ~ 40 x 102t Nm
microtubule P (step size) ~10 kT
motor
- -9
1 nm_ 10 ”_‘12 * Rupture forces generally depend
TpN =1 x10"“ N on the rate of force application!
[E_nergy] =F |—23= [N-m] or [J] Faster force application requires
k=1.38 x 10 J/IK higher rupture forces!

kT=4.14x102"J=4.14pN*1 nm




Example:
Unfolding of titin under force
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© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see |http://ocw.mit.edu/help/faq-fair-use/.
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Atomic force microscope

4 quadrant

Courtesy of Kristian Mglhave. License: CC BY. © source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see |http://ocw.mit.edu/help/faq—fair—use/.

Force: pN —> nN (or higher)
depending on cantilever stiffness
Resolution: better than nm


https://simple.wikipedia.org/wiki/Atomic_force_microscope#/media/File:AFMsetup.jpg
http://ocw.mit.edu/help/faq-fair-use/

Strength of integrin bonds to ECM ligands
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AFM used to measure the strength of
integrin bonds to various RGD ligands.

Single bond forces were 32-97 pN.
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Lehenkari & Horton, BBRC, 1999
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Optical trapping
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© Institute of Physics. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq—fair—use/.

Qualitative picture of the origin of the trapping force. [a] Lateral gradient force
of a Gaussian laser beam profile. Since rays p1 and p2 have different
intensity, the momentum changes of these rays (Ap1 and Ap2, respectively)
differ in magnitude, causing a net reaction force on the refracting medium in
the direction of highest intensity. The x—projection of this force Apx tends to
counteract a displacement from the laser beam axis, pulling the particle to the
center of beam. [b] Axial gradient force towards the focus of the trapping light.
The white arrows indicate the net restoring force in the respective directions.
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Optical traps

Force application
~10-200 pN
limited by laser power

Resolution (bead):
Better than 1 nm!
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Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Bustamante, Carlos, et al. "fen Years of Tension: Single-molecule
PNA Mechanics." Nature 421, no. 6921 (2003): 423-7.

Bustamante et al. Nature


http://dx.doi.org/10.1038/nature01405
http://dx.doi.org/10.1038/nature01405

Myosin experiments, dumbell
geometry

A Feedback
control

Direction of actin

MOON e
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https://web.stanford.edu/group/
blocklab/kinesin/kinesin.html

Courtesy of [Steven Block. Used with permission.
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Magnetic trapping
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Courtesy of |Peter So. Used with permission.

SO Iab magnetiC force Image is by Paniel Férster and is in the public domain.


https://commons.wikimedia.org/wiki/File:Magnetic_tweezers.svg
http://web.mit.edu/solab/Research/MagneticManipulation.html
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Force-induced fibronectin assembly and matrix remodeling in a 3D
microtissue model of tissue morphogenesisT

Wesley R. Legant,” Christopher S. Chen** and Viola Vogel*”®
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© Royal Society of Chemistry. All rights reserved. This content is excluded from our Creative
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Source: Legant, Wesley R., et al. "Force—induced Fibronectin Assembly and Matrix Remodeling in a 3D

[Microtissue Model of Tissue Morphogenesis." Integrative Biology 4, no. 10 (2012): 1164-74.
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Source: Legant, Wesley R., et al. "Force-induced Fibronectin Assembly and Matrix Remodeling in a 3D
Microtissue Model of Tissue Morphogenesis." Integrative Biology 4, no. 10 (2012): 1164-74.
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Interstitial flow alters tumor transport environment
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© Annual Reviews. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see |http://ocw.mit.edu/help/faq-fair-use/.
Source: Chauhan, Vikash P., et al. '|Delivery of Molecular and Nanoscale Medicine to
|Tumors: Transport Barriers and Strategies." Annual Review of Chemical and Biomolecular
Engineering 2 (2011): 281-98.
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Polacheck et al.,
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Focal adhesion proteins localize to
sites of tension at matrix adhesions

B

Vinculin Actin Composite

Reflectance

=
<
o)
O
C
=
=,
TS

. TR N =

recruitment
over 6 min after
start of flow

=
L=
T

Courtesy of Roger Kamm. Used with permission.
Source: Polacheck, William J., et al. "Mechanotransduction of Fluid Stresses Governs 3D Cell
Migration." Proceedings of the National Academy of Sciences 111, no. 7 (2014): 2447-52.

Polacheck et al.,
PNAS, 2014
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