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Fig. 1. Overview of cyanobacterial oscillator: (a) A carton illustration of cyanobacterial oscillator?3; (b) space-filling depictions of
structures of KaiC viewed from the C1II side, the central pore diameter of KaiC-AA is larger than that of KaiC-EEP; (c) two con-

formations of A-loop region, exposed state and buried state.
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Fig. 2. A-loop conformational distribution of KaiC hexamers?:

(a) Conformational distribution of KaiC-AA hexamer, where
13 configurations are drawn within the z axis, un-filled circle rep-
resents exposed state and blue-filled circle represents buried
state; (b) conformational distribution of KaiC-EE hexamer.
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Fig. 3. Typical numerical simulation results of non-equilibrium Ising model: (a) evolution of m(t) when J = 0.3 in various « (left),
relation between expectation value m and external filed B (right); (b) evolution of m(¢) when J = 1.0 in various « (left), same as

panel (a) (right).
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Fig. 4. Validation of applicability of Eq. (10) for the hexamer system: (a) Fitting the Eq. (10) with numerical results when the amp-
litude of external field B, is 0.3, here solid curve represents results of the theoretical equation whereas the cross represents numer-

ical results; (b) fitting of the theoretical equation and numerical result in a wide range of parameters.
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Fig. 5. Simulation results of A-loop distribution for KaiC hexamers: (a) Evolution of A-loop distribution, where 13 states corres-

pond to the markers drawn in Fig. 2 and red dash represents peak of distribution p;y; (b) R? between the non-equilibrium distribu-

tion and the corresponding equilibrium distribution, where blue shadow covers the parameter range of KaiC.
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Abstract

A comprehensive description of the protein should include its structure, thermodynamics, and kinetic
properties. The recent rise of cryogenic electron microscopy (cryo-EM) provides new opportunities for the
thermodynamic and kinetic research of proteins. There have been some researches in which cryo-EM is used not
only to resolve the high-resolution structure of proteins but also to analyze the conformational distribution of
proteins to infer their thermodynamic properties based on data processing methods. However, whether cryo-EM
can be used to directly quantify the kinetics of proteins is still unclear. In this work, an ideal protein system,
cyanobacterial circadian clock protein, is selected to explore the potential of cryo-EM used to analyze the non-
equilibrium process of proteins. Previous research has illustrated that cryoelectron microscope can be used to
infer the thermodynamic information about the KaiC protein such as the inter-subunit interaction within the
hexamers. Herein, we extend the equilibrium Ising model of KaiC hexamers to a non-equilibrium statistical
physics model, revealing the properties of the non-equilibrium process of KaiC hexamers. According to the non-
equilibrium model and previous biochemical research, we find that the intrinsic properties of KaiC protein allow

its non-equilibrium conformational distribution to be measured by cryo-EM.
Keywords: protein dynamics, non-equilibrium statistical physics, cryogenic electron microscopy
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