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Biophysical assays 
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Optical tweezers
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Light gradient Focused laser

Stable trap:
  Linear spring

trap stiffness κ depends on r, I, n, …..
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Steps: First direct observation          Nature 365, 721 (1993)



Visscher et al, Nature, ‘99

8 nm x 6 pN = 48 pNnm
= 60 % ATP

Kinesin stepping in force clamp: Δx kept constant through feed-back
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The Microtubule End-Machine
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DYNAMIC MICROTUBULES 
GENERATE PUSHING AND 
PULLING FORCES IN CELLS



Pushing and pulling at 
microtubule – kinetochore 
interface

Schibler et al.
Rieder et al.

MICROTUBULE FORCES IN CELLS

Inoue & Salmon, Mol. Biol. Cell, 1995
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Reconstituting the Pulling
Force Generating Machinery
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Keyhole optical trap







Keyhole optical trap



Microtubule Growth Details under Force

Recent results: few nm noise (effectively)
Older results: Kerssemakers et al, Nature 2006

Laura Munteanu, Julien Husson



The MT-dynein connection generates pulling forces up to 5 pN

Pushing

Pulling



The MT-dynein connection generates pulling forces up to 5 pN,
 



The MT-dynein connection generates pulling forces up to 5 pN,
 which position microtubule asters in confined spaces!



In Vivo

Theory

In Vitro

Molecular Details

Laan et al, Cell (in press)



Acknowledgements
Positioning by pulling, theory:
Nenad Pavin (MPI-PKS Dresden)
Frank Juelicher (MPI-PKS Dresden)

Centrosomes:
Claude Celati (Curie Paris)
Michel Bornens (Curie Paris)

Funding:
FOM 
NWO-ALW
HFSP
EU

Axonemes:
Matt Footer (Stanford)
Julie Theriot (Stanford)

Dynein:
Sam Reck-Peterson (Harvard)
Ron Vale (UCSF)


