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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.

M 5T & I Tsing 15580 B /&7 B2 004 S 06 5 4
I3 3] J = 0.1440.07, Byy = 0.1940.04, By =
~0.2540.04 (HUEERGMAE b T = 1, R UG EeAIA]).
AR EAE R 280 T > 0, WHZEE UL S 5
AR SR R B 2 [ AP AE MR RSN . 55V VR L B

138701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 13 (2024) 138701

Jrids, RN R IZ TR T s E
M KaiC A9 A-loop B RIS 4, I H A FH 85 A
FAIG2 B 43 AT % 8 1 3 3 2 (8] R AH AR FH R T T
E £ Z)] .

1£ Han 45 B30 iff5x b, 3 5 s AR K KaiC
B T BEIR AL KT- [ 2, AR5 IV R HL g Ak
TV A B B I A T S5 W AT LA A 5 0 A B
T, HA 45 R B AR RN S ST SRR . SR
M, P WP R 7R SE PR TAERT b TR 2,
B RR AR ST JE PR M Ak, Al i 2 v VR L B
Wit AR PSR SR 50, T H e AS B P
BGPTSR A (R A [
TEVR URELGERE Sl f et B b, AR TR R
JE PR B R R izt B, b TR A
HATUE RSB EPEAA? 720, FRAOTET KaiC
SRR G A A A R DL R — S A A A SR
4 KaiC B9 Tsing BEAUME) T 2R Ising
B, BT IR Ising BB, Rt ab TR Y
KaiC £ Bl Sy AT 10, I 50 B v o F B fi
B G A ik AR 1 AT REPE.

3 BEAYHEE KaiC WETFHES
Ising 1 &

1 Ising BRI A AE SR R, Han 55 B840 X} 41 3
B A WA S R A-loop B4 A HEAT T 0 4. 24
W2 A K S BE S (6] 28 AL, A% B At Bl s a] 25
b, Hra @i vl LIS A

H(t)=—B(t) Z i — JZ SiSit1- (2)
HHNZEER AL, A 307 A S

THETE & I R G R B 12447y 12 RSP Tsing
BRI 7R R 5

dp(Sl, cy Siy, vty SN t)
dt
= _Zwi (s)p(s1, =+ Siy -, SN; 1)
+Y wi(=si)p(s1, - —si, o s t), (3)

HP AW R BT w,
w; (Si) = %Oé [1 — %Si (Si+1 + si—l) (1 — ,Bsi) , (4)

Horb o B LR FEALACZ A R AR SR R A

FHERECE i 2501 n] DUE 552800 5AR Ty AAERL
5M9 85 JH BIKRRN

~ = tanh (2J), (5)

(3 = tanh (B) . (6)
I BN MY A A R (BT E SO

m(t) = Zsip(sl, sy 8y oy sns t). o (7)

X T KaiC 7S RAK, #ie FAATE 26 = 64 Fiil
G, M2 e N BAKATAE C6 XTFREG, A H S5k
H ez 13 Ff. W5 R (3) AIfkfah 13 dem gt
TR

B0 _aw)-pw). ©

Hrp i p(t) = [pu(0), pa(t), - pis(D]", 13 K
MY B 2 BEARBR Y 13 FhoS SR A B 1 HE
B MR A(t) Wl (4) A3 LR ELTE (8)
A R T 0 Dy PR SR R A TR, A
SCRFH MATLAB 11 oded5 {43 J7 K fiff 4 32t
FrEUE R,

T AP i SRS 8] 5 AR, AR SO ) B 4
VAR T R AEiE. AN B(t) = cos(2nt/ T)
i, BUEABHIEE RN 3 . IBLRIZE S rpa] LA
Fill, MINGEE R EAL IS, 85I AR AE R/
DL RARAE S A B 52 o 5 TRy, Hrp—A4
BFERVRIE N : 2 o BB/, K G B A A 1 A
o3 TANHWAE A, RIS 5 R Z (B A7 TR
ROV MR R R IR (N = 2), HAMF B(t) =
Bayp sin(2nt/ T) BN, AT AT HE T BN WP
IR IE A

m(t) = (147)-cos¢ - Bamp - sin (2nt/T — ¢), (9)
2n
al (1—7)

M (10) AT LA, 2587 REm e 280, 44
R BHE G INHAE BIENLRIE R, TSP
fi2% . AN 2 557 R T AT EA Z 2
LA IR o (FRFAR G, H 32 W 2 A e i
SBAEAEH g R2m. WKl 4 Fos, 38k B D
ANEIE (N = 6) REMAAIERFHAT /047, I 5
(10) A5 FFEATXS Ho AT R BAEAR R SHEEHE N,
(10) XSS RARRGEAMRIR LT

tan ¢ = (10)

138701-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 13 (2024) 138701

()

B(t) = cos(2nt/T), J=10.3

1.0

0.5

=
= 0
z g
a/T1
—2
—0.5 i
100
— 1000
1.0 ! . !
0 0.5 1.0 1.5 2.0
t)T
(b) 10 B(t) = cos(2nt/T), J=1.0 10
0.5 0.5
z 0 g 0 é g
S v . i
—2
—0.5 i —0.5
100
— 1000
—~1.0 L L —1.0 .
0 0.5 1.0 1.5 2.0 -1 0 1

t/T

B3RP Ising BOBIEERBILIR  (a) J= 0.3 0, A o KA FRZBEREL (), WE m 5565 BIXR (f); (b) J=
LO W, AR o S50 T MRIMEREAL (4), ¥E m 5585 BIER ()

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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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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