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Fig. 1 The meanings of KaiB interacting on different KaiC subdomain
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Fig. 2 The model of KaiABC core oscillator
E 2 KaiABC #Z LIRS SR NS R M AEE
(a) KaiA 44 KaiC C Il 3111 A-loop. (b) KaiC C I -C Il P#AAF#20%, KaiB 454 C I 118 B-loop. (c) KaiC [ 5 g% ik 2 5 K {H. (d) KaiC
HRMHE TERIN, TR 2RI, (e) KaiA, KaiB i 1E A INiE KaiC AR 1L, (f) KaiC [MIRIWIUAIRG, HES BT —FC R IL G 25,




2015; 42 (3)

X, 2. RS OIR S22 A KaiB-KaiC FEE{ER#HLEH

*225-

a. KaiC C Il 3#11) A-loop(488~497 £i7)55 KaiA
ghidy, S Aloop M C TR H 22 5] Hiok, 5l
# C T -CI I - BFHE R (ring-ring stacking), fiff
KaiC [ £ P P T it 20291,

b. CI-CII RAZMHN, FHCIAEREE
HUAT KaiB 45 & 147 25 B-loop(116~ 123 i, 404
#4327 B-loop %% H 45 A A7 1), MM KaiB
5 Cl4i%, RN KaiA b KaiC H & B
7, R KaiC 145 & Zu g g b e

c. M KaiC H & WGk 8 i i if, 5
KaiC 4551 KaiB W2 i 2 [, ML KaiC PR
B AIR Sk Bl . C 1 -C I 450 A 73 A L 5L
. KaiC g5 iRk, 152 T LU0 IIE SEe2,

d. W17 KaiC 28 07484k, i JL6% R g v
Pk EJF, KaiC Fah 28§ 1k, KaiB-KaiC 454G )5
PRI, C T 34 i RS IRPR ST ™ L
i, SEHESS CIIF, e KaiA 4553
AT B3 I A ) G AL,

e. KaiA 454 3 KaiB-KaiC 454467, (H
IR E AV R NI AR AT, i DA H %A e sk
Brh 2R S ORGSR, KaiA #4545 S
AR LA M C T W3t b, AT LA 1t
KaiC [FBFIRA,  Sif inig 24k, M KaiC
H B IR ACIRAS IR R A IR A AR 27,

f. KaiC LRI — @ HE, HCI-CII%;
P B HER AR 5 kS, C 1 3R B-loop HE 38T i,
1M C I FR A A-loop B A3 R T B 2251 Y, LR
PR A Wl M B M, 1 RO Y 2 O R 2 T v
KaiC NGB AN —Fh “IRZE” RE, A
KaiA [ N —#45 & il HE %

ik LAHLH], KaiABC & & M #3 APE IR 1E
5, RBHMAE T KaiC BERLIRG LS. 4
R, BEI FER AT REFEBE A KaiC [ AR ASH:, KaiB
PR A AR AS 1 O S I D

5 REE5RE

KaiABC fA %, J& HuimE——ANfede ol ik
ITEMIK, A7 DNA HRNA 7K V45 1) B 5y
(Ea XY/ Sy 7 PN N A 3 S % e VI I D B 1 1 g
FUAHEAE M ARG 4 UL e 5 A B iy
SRS, HRAEZEME. HArrRERy, &
ZARRT, KaiA 14541 KaiC N B 4L, 1
KaiB 591 KaiA /EM, L SEI KaiC B 40Tk
S EAEAR L. R, M ET T T

KaiB 45 KaiC [ BARLE G300 55 B. 4580k
AEHATAE— L8, ATEEU S L AR AR A R
X IXLC G RIAR e, AR 2SI UE A IR . 41
U433 KaiB-KaiC AHEAE AP0 s o P g #y
J KaiA-KaiB-KaiC — 7o & &Y 7> Hr e 45 1,
Wt Be AT 205 ) 01 %5 KaiB 75 KaiC b 145 &7
. A REE I S T B, Wi RS
AR AR B AW, KA 6%
KaiB 5 KaiC 1456 /& A7 (A G B (11 223
A, NG —H A usoi . RATHEG, X
KaiB-KaiC A HAEHILEI IR B, B KR 3AT]
X} KaiABC #Z Do R R I ELAR, X AR R T
WEFC =L TR, AT B T3 I HAh 5 4226
o ey B

s % %

[1] Ouyang Y, Andersson C R, Kondo T, et al. Resonating circadian
clocks enhance fitness in cyanobacteria. Proc Natl Acad Sci USA,
1998, 95(15): 8660-8664

[2] Dong G, Yang Q, Wang Q, et al. Elevated ATPase activity of KaiC
applies a circadian checkpoint on cell division in Synechococcus
elongatus. Cell, 2010, 140(4): 529-539

[3] Mackey S R, Choi J S, Kitayama Y, et al. Proteins found in a CikA
interaction assay link the circadian clock, metabolism, and cell
division in Synechococcus elongatus. J Bacteriol, 2008, 190 (10):
3738-3746

[4] Ishiura M, Kutsuna S, Aoki S, et al. Expression of a gene cluster
kaiABC as a circadian feedback process in cyanobacteria. Science,
1998, 281(5382): 1519-1523

[S] Teng S W, Mukherji S, Moffitt J R, et al. Robust circadian
oscillations in growing cyanobacteria require transcriptional
feedback. Science, 2013, 340(6133): 737-740

[6] Nakajima M, Imai K, Ito H, et al. Reconstitution of circadian
oscillation of cyanobacterial KaiC phosphorylation in witro.
Science, 2005, 308(5720): 414-415

[71 Ye S, Vakonakis I, loerger T R, et al. Crystal structure of circadian
clock protein KaiA from Synechococcus elongatus. J Biol Chem,
2004, 279(19): 20511-20518

[8] Iwase R, Imada K, Hayashi F, et al. Functionally important
substructures of circadian clock protein KaiB in a unique tetramer
complex. J Biol Chem, 2005, 280(52): 43141-43149

[9] Pattanayek R, Wang J, Mori T, et al. Visualizing a circadian clock
protein: crystal structure of KaiC and functional insights. Mol Cell,
2004, 15(3): 375-388

[10] Ito H, Kageyama H, Mutsuda M, et al. Autonomous synchronization
of the circadian KaiC phosphorylation rhythm. Nat Struct Mol Biol,
2007, 14(11): 1084-1088

[11] Xu Y, Mori T, Pattanayek R, e: al. Identification of key
phosphorylation sites in the circadian clock protein KaiC by

crystallographic and mutagenetic analyses. Proc Natl Acad Sci



*226° SMFEEMYIRER

Prog. Biochem. Biophys. 2015; 42 (3)

USA, 2004, 101(38): 13933-13938

[12] Rust M J, Markson J S, Lane W S, et al. Ordered phosphorylation
governs oscillation of a three-protein circadian clock. Science,
2007, 318(5851): 809-812

[13] Iwasaki H, Nishiwaki T, Kitayama Y, et al. KaiA-stimulated KaiC
phosphorylation in circadian timing loops in cyanobacteria. Proc
Natl Acad Sci USA, 2002, 99(24): 15788-15793

[14] Williams S B, Vakonakis I, Golden S S, et al. Structure and
function from the circadian clock protein KaiA of Synechococcus
elongatus: a potential clock input mechanism. Proc Natl Acad Sci
USA, 2002, 99(24): 15357-15362

[15] Kageyama H, Nishiwaki T, Nakajima M, et al. Cyanobacterial
circadian pacemaker: Kai protein complex dynamics in the KaiC
phosphorylation cycle in vitro. Mol Cell, 2006, 23(2): 161-171

[16] Kitayama Y, Iwasaki H, Nishiwaki T, et al. KaiB functions as an
attenuator of KaiC phosphorylation in the cyanobacterial circadian
clock system. EMBO J, 2003, 22(9): 2127-2134

[17] Hayashi F, Ito H, Fujita M, et al. Stoichiometric interactions
between cyanobacterial clock proteins KaiA and KaiC. Biochem
Biophys Res Commun, 2004, 316(1): 195-202

[18] Vakonakis I, Liwang A C. Structure of the C-terminal domain of the
clock protein KaiA in complex with a KaiC-derived peptide:
implications for KaiC regulation. Proc Natl Acad Sci USA, 2004,
101(30): 10925-10930

[19] Kim Y I, Dong G, Carruthers C W, Jr., et al. The day/night switch
in KaiC, a central oscillator component of the circadian clock of
cyanobacteria. Proc Natl Acad Sci USA, 2008, 105 (35): 12825—
12830

[20] Egli M, Pattanayek R, Sheehan J H, et al. Loop-loop interactions
regulate KaiA-stimulated KaiC phosphorylation in the cyanobacterial
KaiABC circadian clock. Biochemistry, 2013, 52(7): 1208-1220

[21] Qin X, Byme M, Mori T, et al. Intermolecular associations
determine the dynamics of the circadian KaiABC oscillator. Proc
Natl Acad Sci USA, 2010, 107(33): 14805-14810

[22] Pattanayek R, Williams D R, Pattanayek S, et al. Structural model
of the circadian clock KaiB-KaiC complex and mechanism for
modulation of KaiC phosphorylation. EMBO J, 2008, 27 (12):
1767-1778

[23] Akiyama S, Nohara A, Ito K, et al. Assembly and disassembly

dynamics of the cyanobacterial periodosome. Mol Cell, 2008,
29(6): 703-716

[24] Pattanayek R, Williams D R, Rossi G, et al. Combined SAXS/EM
based models of the S. elongaius post-translational circadian
oscillator and its interactions with the output His-kinase SasA.
PLoS One, 2011, 6(8): 23697

[25] Villarreal S A, Pattanayek R, Williams D R, et al. CryoEM and
molecular dynamics of the circadian KaiB-KaiC complex indicates
that KaiB monomers interact with KaiC and block ATP binding
clefts. J Mol Biol, 2013, 425(18): 3311-3324

[26] Chang Y G, Tseng R, Kuo N W, et al. Rhythmic ring-ring stacking
drives the circadian oscillator clockwise. Proc Natl Acad Sci USA,
2012, 109(42): 16847-16851

[27] Tseng R, Chang Y G, Bravo 1, et al. Cooperative KaiA-KaiB-KaiC
interactions affect KaiB/SasA competition in the circadian clock of
cyanobacteria. ] Mol Biol, 2014, 426(2): 389-402

[28] Phong C, Markson J S, Wilhoite C M, et al. Robust and tunable
circadian rhythms from differentially sensitive catalytic domains.
Proc Natl Acad Sci USA, 2013, 110(3): 1124-1129

[29] Mutoh R, Nishimura A, Yasui S, et al. The ATP-mediated
regulation of KaiB-KaiC interaction in the cyanobacterial circadian
clock. PLoS One, 2013, 8(11): ¢80200

[30] Snijder J, Burnley R J, Wiegard A, et al. Insight into cyanobacterial
circadian timing from structural details of the KaiB-KaiC
interaction. Proc Natl Acad Sci USA, 2014, 111(4): 1379-1384

[31] Mori T, Williams D R, Byme M O, et al. Elucidating the ticking of
an in vitro circadian clockwork. PLoS Biol, 2007, 5(4): €93

[32] Murayama Y, Mukaiyama A, Imai K, et al. Tracking and
visualizing the circadian ticking of the cyanobacterial clock protein
KaiC in solution. EMBO J, 2011, 30(1): 68-78

[33] Nishiwaki-Ohkawa T, Kitayama Y, Ochiai E, et al. Exchange of
ADP with ATP in the C [l ATPase domain promotes
autophosphorylation of cyanobacterial clock protein KaiC. Proc
Natl Acad Sci USA, 2014, 111(12): 4455-4460

[34] Murakami R, Mutoh R, Iwase R, et al. The roles of the dimeric and
tetrameric structures of the clock protein KaiB in the generation of
circadian oscillations in cyanobacteria. J Biol Chem, 2012, 287(35):
29506-29515



2015; 42 (3) X, 2. RS OIR S22 A KaiB-KaiC FEE{ER#HLEH «227e

The Mechanism of KaiB-KaiC Interaction of The
Cyanobacterial Circadian Oscillator”

LIU Song, LIU Sen™
(Institute of Molecular Biology, College of Medical Science, China Three Gorges University, Yichang 443002, China)

Abstract Cyanobacteria are the simplest organisms with a confirmed circadian clock system. The pacemaker of
cyanobacterial circadian clock is made of three proteins, KaiA, KaiB, and KaiC. A major finding on this system is
that the circadian oscillation of the pacemaker system is independent of transcriptional/translational controls, and
what is more intriguing is that this oscillation can be reconstituted in wvitro with only these three proteins, in
addition to ATP and an appropriate inorganic buffer. Molecular studies have shown that KaiA promotes the
self-phosphorylation of KaiC, whereas KaiB antagonize KaiA's role and induce the de-phosphorylation of KaiC.
An unsolved question is how KaiB interacts with KaiC exactly, including the binding site of KaiB on KaiC, the
oligomerization form of KaiB, and the exact modulating mechanism of KaiB. Here, we reviewed the most recent
progress on the KaiB-KaiC interaction mechanism, including our preliminary results on the KaiB-KaiC interaction,
and provided a possible molecular mechanism of the molecular oscillator. We hope this review will provide a
timely perspective on the study of this model system.
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