Coarse—grained Simulations of Biological Motors

Changbong HYEON

Despite significant fluctuations in molecular structures,
biological motors in cells undertake their task with ex-
quisite precision. Among a number of design principles
that distinguish biological machines from their macro-
scopic counterparts, the versatile adaptation of molec-
ular configuration to a changing environment is the
key to understanding the mechanism by which bio-
logical machines generate force and regulate the persis-
tent motor action over repeated cycles. Computational
approaches using molecular simulations allow us to
envisage the dynamics of biological machines from the
structural perspective. As an exemplary system among
biological machines in cells, this article describes how
kinesins perform their biological function by exploiting
thermal fluctuations and conformational flexibility in-

herent to the molecular structure.
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Fig. 1. A cartoon illustrating a kinesin stepping on a micro-
tubule track. Kinesin has two motor domains (two brown ob-
jects) to alternately bind microtubule binding sites whose affinity
changes with the chemical state of nucleotide (ATP, ADP, or
nucleotide free state) in the catalytic site. Tail domain extended
from the motor domains is linked to a tail binding domain with
which kinesins can carry cellular organelles such as vesicle, mRNA,
and mitochondria along microtubules.
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Fig. 2. Native contact map of kinesin dimer: In this map, the
neck-linker of a motor domain bound to microtubules is in or-
dered state while the neck-linker extended from another motor
domain tethered via coiled-coil contacts to the MT-bound head
is in disordered state.
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Fig. 3. Biochemical cycle of a kinesin motor. The state of kinesin changes along a bio-

chemical cycle of ATP binding to the catalytic site, ATP hydrolysis, and Pi release. The
diagram aligns the internal conformational states that do not alter the kinesin position — 258 A3t Ate]olA
vertically with purple arrows, and the ATP binding induced position change using yel-
low arrows. The inset in the black box (left) shows a time trace measured with laser
optical tweezers. The blue boxes are for the kinesin configuration in the two-head
bound state. The figure in the blue box on the left shows the configuration of struc-
tural ensemble of kinesin calculated from molecular simulations. When kinesin is in
two-head bound state, tension built on the rearward positioned neck-linker disrupt the
catalytic site of the leading (blue) head from its native-like configuration. Therefore, a
premature ATP binding to the leading head is inhibited. In order for ATP to bind the
leading head catalytic site, the trailing head should dissociate from the microtubule by

releasing Pi and becoming ADP containing head.
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Fig. 4. Potentials of mean force (PMF) for the centroid of tethered head are computed at the
two panels at the top by switching on and off the native contacts associated with neck-linker.
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PMFs calculated for two different neck-linker configurations reveal qualitative difference in

the range of search space. The average time traces from the Brownian dynamics simulation of
a quasi-particle with varying time scale of power-stroke tr (the panel on the left bottom), and
the average time traces measured using optical tweezers by Yanagida group (the three pan-
els on the right bottom). Yanagida and coworkers divided the individual single molecule time
traces into three groups depending on the stepping time ((i) t < 50 ps, (i) 50 us <t < 100 s, 3}
(iii) t > 100 ps) and averaged over each ensemble. Comparison between simulations and ex-
perimental data indicates that the substep can exist if the disorder-to-order transition of neck-

linker (power stroke) occurs slower than a certain time scale.
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