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(Bio)molecular motors:

e Sustainable and often highly sophisticated performance
* Move autonomously and continuously often without external control
e Harvest resources directly from environment

e Stability often poor
* Motion often maintained under narrowly defined conditions

Challenge to design synthetic and artificial molecular machines
with a comparable control of motion and function
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Underlying assumptions:

* Rigid body

* External torque

* Non-equilibrium (T, # T,)
* Broken symmetry (chirality)
* Driven by Brownian motion




Granular (Feynman) ratchet




A functional molecular motor must know how to go around
Feynman’s No-Go arguments

SPRING

What Feynman did not consider:

 Deformable bodies can have rotational motion - even with no angular momentum

* Energy conserving system can be in motion - even in the minimum of free energy



Going around Feynman:
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* Broken symmetry (chirality)
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rotational motion from change of shape:

Ambient “gauge fixing” Internal
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dt = = /dl-A = Connection in the shape space
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Physical example: cyclopropane

The CHARMM22 force field has the following potential energy function:(”]
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It still appears to rotate




e Constructed as minimum of free energy I (Z)
* Rotates with no angular momentum 19(?’?,) — w(n)A'r -+ 19(??, — 1) — IZ( ) A’T
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L=0 !

9 (radian)

Rotational motion with no angular momentum
Rotational motion even in lowest energy ground state
Role of broken symmetry — broken parity




After Feynman ...

Rotation without angular momentum:

Guichardet 1984:
For three or more point-like particles, vibrations are
continuously connected to rotations

Shapere & Wilczek 1987:
Connection in the space of shapes governs parallel
transport: Periodic shape oscillation = closed trajectory

) “Berry’s phase”

Propose:

Connection in shape space combines and organizes individual atom thermal
oscillations into a collective rotational motion of the entire molecule






The CHARMM22 force field has the following potential energy function:!”!
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After Feynman ...

“ Bizarre forms of matter called time crystals were supposed to be physically
impossible. Now they’re not.”

definition:

A material system is in a time crystal state
when at the minimum of its free energy it
can not be at rest but moves periodically.

Time
crystals

propose:

Time crystal dynamics explains the impressive
effectiveness of (bio)molecular motors, why
they rotate apparently effortlessly even in
highly viscous ambient water.
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Critical point:

- optamtzation:

* Minimize energy
—> critical point of H

Hamilton’s equation:
0H=0 <&

OH/0p" = —¢* =0
OH/0q" = p* = 0

No “time crystal”

Constrained

* Energy H and set of conditions G2 =0

* Minimize energy H subject to conditions

=  Critical point of H + \*G*“
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Solution (p*, g*, \*)
A" #0 = time crystal

Time evolution = symmetry transformation



Piecewise linear chain n;
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Preserves bond length:
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Examples of Hamiltonian time crystal:
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{ng,ni} = €*6;;ns
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Long range interactions
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Trefoil knot as
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Polyalanine trefoil with 42 amino acids in water at 310K

minimization

result:
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UNRES simulation of V-ATPase rotor in Enterococcus hirae (PDB:
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Summary:

« Deformable bodies can rotate
without angular momentum®

« Deformable bodies can display
timecrystalline dynamics even in  lowest
energy ground state* '

« Simulations show promise for molecular
motor function

2 *Feynman did not know . W : & Vo
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