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excellent model system is the gliding motility assay, where hundreds of surface-adhered motors propel one cytoskeletal filament such as an 
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Scientific Progress

I. Statement of the problem studied


Molecular motors have the potential to transform the conversion of chemical energy into mechanical work, with wide-ranging 
applications in sensing and actuation. A key challenge is force multiplication via coordinated arrays of molecular motors. Arrays 
of molecular motors exhibit rich dynamics, due to the stochasticity of the individual chemical reaction steps and the nonlinearity 
of the mechanical coupling between motors. A model system to study such a motor array is a kinesin-powered molecular 
shuttle, where dozens of surface-adhered kinesin motor proteins simultaneously bind to and propel a microtubule. The 
dynamics of the system can be characterized by the mean of the microtubule velocity and the fluctuations around it. The relative 
magnitude of the fluctuations is predicted to depend on the motor density and the attachment geometry. The objective of the 
project was to experimentally determine velocities and velocity fluctuations as a function of motor densities and draw inferences 
with respect to motor attachment geometry and motor interactions. It was hypothesized that the system dynamics undergoes a 
phase transition as the kinesin tail conformations change from the mushroom to the brush regime with increasing kinesin 
density.





II. Summary of the most important results









Through a computational model of kinesin head diffusion, we were able to estimate the distribution of kinesin tail extensions 
for kinesins uniformly distributed on a surface and bound to a microtubule. We then combined this distribution and the 
calculated anharmonic force- extension relation to quantify the theoretical heterogeneity of motor force production. Our model 
yields a value for the heterogeneity factor a of 0.3.


By combining measurements of the kinesin surface density and of the motional diffusion coefficient, we were also able, for the 
first time, to determine this heterogeneity factor experimentally. While Sekimoto and Tawada proposed that the constant is 
about one, in our assay a value of 0.56 ± 0.3 was found, in good agreement with our theoretical value.


Under our assumptions, we have shown that the variability in the displacement of the microtubule after each motor step can be 
explained by the variable force contribution of each motor. In our model, each motor has an approximately constant stiffness 
during its attachment period to the microtubule. This stiffness increases with the distance between the microtubule’s axis and 
the kinesin’s attachment point on the surface. This variability leads to heterogeneity in motor force production originating in the 
heterogeneity in attachment geometry. The force production profile is asymmetric and highly heterogeneous.


In our work, we studied gliding microtubules whose movement is only opposed by viscous drag forces. Velocity fluctuations in a 
viscous medium will lead to a loss of efficiency on the order of our heterogeneity coefficient. If loads increase, e.g. due to the 
presence of cargo, the heterogeneity in force production will prevent homogeneous distribution of load among motors, and 
thereby prevent uniform loading with optimal force. This situation is well understood for cargo transport in vivo, where a small 
number of kinesins collectively pull cargo along microtubules.


An implication of the above considerations is that obtaining a more uniform attachment geometry via a method to position the 
motors directly beneath the microtubule would aid the propulsion of the microtubule. Indeed, muscle, one of the most efficient 
arrays of molecular motors, features precise alignment of these motors through the arrangement of thick and thin filaments.


These lessons are critical for the design of future nanoactuators and molecular motor-based devices. Although individual 
components such as kinesin motors may be able to operate with high energy efficiency, the efficiency of arrays and systems 
may suffer if these components are not appropriately integrated.


The results are described in detail in a manuscript submitted to Langmuir on 10/30/15 entitled: “Velocity Fluctuations in Kinesin-
1 Gliding Motility Assays Originate in Motor Attachment Geometry Variations” by Henri Palacci,♯ Ofer Idan,♯ Megan J. 
Armstrong, Ashutosh Agarwal, Takahiro Nitta, and Henry Hess*.
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I. Statement	
  of	
  the	
  problem	
  studied	
  

Molecular	
  motors	
  have	
  the	
  potential	
  to	
  transform	
  the	
  conversion	
  of	
  chemical	
  energy	
  
into	
  mechanical	
  work,	
  with	
  wide-­‐ranging	
  applications	
   in	
  sensing	
  and	
  actuation.	
   	
  A	
  
key	
   challenge	
   is	
   force	
  multiplication	
   via	
   coordinated	
   arrays	
   of	
   molecular	
   motors.	
  
Arrays	
   of	
  molecular	
  motors	
   exhibit	
   rich	
   dynamics,	
   due	
   to	
   the	
   stochasticity	
   of	
   the	
  
individual	
  chemical	
  reaction	
  steps	
  and	
  the	
  nonlinearity	
  of	
  the	
  mechanical	
  coupling	
  
between	
  motors.	
  A	
  model	
  system	
  to	
  study	
  such	
  a	
  motor	
  array	
  is	
  a	
  kinesin-­‐powered	
  
molecular	
   shuttle,	
   where	
   dozens	
   of	
   surface-­‐adhered	
   kinesin	
   motor	
   proteins	
  
simultaneously	
  bind	
  to	
  and	
  propel	
  a	
  microtubule.	
  The	
  dynamics	
  of	
   the	
  system	
  can	
  
be	
   characterized	
   by	
   the	
   mean	
   of	
   the	
   microtubule	
   velocity	
   and	
   the	
   fluctuations	
  
around	
  it.	
  The	
  relative	
  magnitude	
  of	
  the	
  fluctuations	
  is	
  predicted	
  to	
  depend	
  on	
  the	
  
motor	
   density	
   and	
   the	
   attachment	
   geometry.	
   The	
   objective	
   of	
   the	
   project	
   was	
   to	
  
experimentally	
  determine	
  velocities	
  and	
  velocity	
  fluctuations	
  as	
  a	
  function	
  of	
  motor	
  
densities	
   and	
   draw	
   inferences	
   with	
   respect	
   to	
   motor	
   attachment	
   geometry	
   and	
  
motor	
   interactions.	
   It	
   was	
   hypothesized	
   that	
   the	
   system	
   dynamics	
   undergoes	
   a	
  
phase	
  transition	
  as	
  the	
  kinesin	
  tail	
  conformations	
  change	
  from	
  the	
  mushroom	
  to	
  the	
  
brush	
  regime	
  with	
  increasing	
  kinesin	
  density.	
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II. Summary	
  of	
  the	
  most	
  important	
  results	
  

Through	
  a	
  computational	
  model	
  of	
  kinesin	
  head	
  diffusion,	
  we	
  were	
  able	
  to	
  estimate	
  
the	
   distribution	
   of	
   kinesin	
   tail	
   extensions	
   for	
   kinesins	
   uniformly	
   distributed	
   on	
   a	
  
surface	
   and	
   bound	
   to	
   a	
  microtubule.	
  We	
   then	
   combined	
   this	
   distribution	
   and	
   the	
  
calculated	
   anharmonic	
   force-­‐ extension	
   relation	
   to	
   quantify	
   the	
   theoretical	
  
heterogeneity	
   of	
   motor	
   force	
   production.	
   Our	
   model	
   yields	
   a	
   value	
   for	
   the	
  
heterogeneity	
  factor	
  a	
  of	
  0.3.	
  

By	
   combining	
   measurements	
   of	
   the	
   kinesin	
   surface	
   density	
   and	
   of	
   the	
   motional	
  
diffusion	
   coefficient,	
   we	
   were	
   also	
   able,	
   for	
   the	
   first	
   time,	
   to	
   determine	
   this	
  
heterogeneity	
  factor	
  experimentally.	
  While	
  Sekimoto	
  and	
  Tawada	
  proposed	
  that	
  the	
  
constant	
   is	
   about	
   one,	
   in	
   our	
   assay	
   a	
   value	
   of	
   0.56	
   ±	
   0.3	
   was	
   found,	
   in	
   good	
  
agreement	
  with	
  our	
  theoretical	
  value.	
  

Under	
  our	
  assumptions,	
  we	
  have	
  shown	
  that	
   the	
  variability	
   in	
  the	
  displacement	
  of	
  
the	
   microtubule	
   after	
   each	
   motor	
   step	
   can	
   be	
   explained	
   by	
   the	
   variable	
   force	
  
contribution	
  of	
  each	
  motor.	
  In	
  our	
  model,	
  each	
  motor	
  has	
  an	
  approximately	
  constant	
  
stiffness	
   during	
   its	
   attachment	
   period	
   to	
   the	
  microtubule.	
   This	
   stiffness	
   increases	
  
with	
  the	
  distance	
  between	
  the	
  microtubule’s	
  axis	
  and	
  the	
  kinesin’s	
  attachment	
  point	
  
on	
   the	
   surface.	
   This	
   variability	
   leads	
   to	
   heterogeneity	
   in	
   motor	
   force	
   production	
  
originating	
   in	
   the	
   heterogeneity	
   in	
   attachment	
   geometry.	
   The	
   force	
   production	
  
profile	
  is	
  asymmetric	
  and	
  highly	
  heterogeneous.	
  	
  

In	
  our	
  work,	
  we	
  studied	
  gliding	
  microtubules	
  whose	
  movement	
  is	
  only	
  opposed	
  by	
  
viscous	
  drag	
  forces.	
  Velocity	
  fluctuations	
  in	
  a	
  viscous	
  medium	
  will	
   lead	
  to	
  a	
  loss	
  of	
  
efficiency	
  on	
  the	
  order	
  of	
  our	
  heterogeneity	
  coefficient.	
  If	
  loads	
  increase,	
  e.g.	
  due	
  to	
  
the	
   presence	
   of	
   cargo,	
   the	
   heterogeneity	
   in	
   force	
   production	
   will	
   prevent	
  
homogeneous	
   distribution	
   of	
   load	
   among	
   motors,	
   and	
   thereby	
   prevent	
   uniform	
  
loading	
  with	
  optimal	
  force.	
  This	
  situation	
  is	
  well	
  understood	
  for	
  cargo	
  transport	
  in	
  
vivo,	
  where	
  a	
  small	
  number	
  of	
  kinesins	
  collectively	
  pull	
  cargo	
  along	
  microtubules.	
  

An	
   implication	
   of	
   the	
   above	
   considerations	
   is	
   that	
   obtaining	
   a	
   more	
   uniform	
  
attachment	
   geometry	
   via	
   a	
   method	
   to	
   position	
   the	
   motors	
   directly	
   beneath	
   the	
  
microtubule	
  would	
  aid	
  the	
  propulsion	
  of	
  the	
  microtubule.	
  Indeed,	
  muscle,	
  one	
  of	
  the	
  
most	
   efficient	
   arrays	
   of	
   molecular	
   motors,	
   features	
   precise	
   alignment	
   of	
   these	
  
motors	
  through	
  the	
  arrangement	
  of	
  thick	
  and	
  thin	
  filaments.	
  	
  

These	
   lessons	
   are	
   critical	
   for	
   the	
   design	
   of	
   future	
   nanoactuators	
   and	
   molecular	
  
motor-­‐based	
  devices.	
  Although	
  individual	
  components	
  such	
  as	
  kinesin	
  motors	
  may	
  
be	
  able	
  to	
  operate	
  with	
  high	
  energy	
  efficiency,	
  the	
  efficiency	
  of	
  arrays	
  and	
  systems	
  
may	
  suffer	
  if	
  these	
  components	
  are	
  not	
  appropriately	
  integrated.	
  	
  

The	
   results	
   are	
   described	
   in	
   detail	
   in	
   a	
   manuscript	
   submitted	
   to	
   Langmuir	
   on	
  
10/30/15	
   entitled:	
   “Velocity	
   Fluctuations	
   in	
   Kinesin-­‐1	
   Gliding	
   Motility	
   Assays	
  
Originate	
  in	
  Motor	
  Attachment	
  Geometry	
  Variations”	
  by	
  Henri	
  Palacci,♯	
  Ofer	
  Idan,♯	
  
Megan	
  J.	
  Armstrong,	
  Ashutosh	
  Agarwal,	
  Takahiro	
  Nitta,	
  and	
  Henry	
  Hess*.	
  




