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1. Introduction



Examples and Terms

1. Circadian Rhythm synchronization
(BEH#A. 51E1Ad )

A "Clock Protein" ,/‘\

= >
sun light @

self-oscillator synchronized

(BEIREF) oscillation

2. Cardiac Rhythm

cf. NF kB oscillation

@ @ [Ca?'] _ p53 oscillation
. 1 sec Hes 1 oscillation
synchronization Hes 7 oscillation

Peroxiredoxin oscillation
Melatonin oscillation

W Insulin oscillation
: ; ...etc.
synchronized

cardiac rhythm

different phase

———

cardia yocyte

Shimamoto, Y. et al., Biochem. Biophys. Res. Commun., 2008, 366, 233.




From a Viewpoint of Organic Chemistry
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Applications: 1. Materials

BZ reaction based self-oscillation polvmer gels

Swellina Deswelling (CHy-CH (CH———CH3
Ru(bpy);®>*  Ru(bpy);%* Lo oo~ N]
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mﬂpm
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CH,
NH
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—CH —CH

Sweliing ratio of gel or

>

transmittance of polymer solution

Oscil{ati

Reduced stat i

: Ru(ll)

Oxidized state

"4

- Ru(Ill)

>

Temperaure

under BZ solution
(maronic acid, NaBrO3, acid)

Review: Yoshida. R. et. al., NPG Asia Materials, 2014, 6, e170.

BZ reaction is the only choice to construct self-oscillation gels for now.

novel oscillation systems

)

a variety of

novel (bio)materials




Applications: 2. Calculation Model

Disorder

Ventricular Fibrillation
Ly
Failure of rhythm (D BRI ED)

to synchronize WWM

Synchronized _
Oscillator ~  Caluculation

AED (~kv ; " "
T (~kV) chaos control

bio/chemical oscillators

- (BZ reaction)
periodical weak current as a calculation model
(mV scale)
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-
-
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-
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-
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Yoshikawa. R. et. al. Chaos, 2009, 19, 043114

Cr e novel calculation models
novel oscillation systems " "
| to develop “chaos control




Applications: 3. Medical Application

Chaos System  gynchronization Ordered System
(Disorder) ’

A Artificial
O C Oscillator
Catalyst

OO
O

- -
‘‘‘‘‘

Circadian Rhythm
(core oscillator)
@ regulation
C pineal grand (melatonin oscillation)

C pancreas (insulin oscillation)

C cancer, depression, etc.

Nat. Rev. Neurosci, 2007, 8, 790.
Nature, 2012, 491, 348.



Short Summary

Broad examples and applications, but how?

Today's Topic

What is the required conditions for oscillation?

> KaiC protein oscillation as a case study
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2. KaiC Protein Oscillation in Vitro



Two Types of Oscillation Systems

Oscillation i Reduirements §
A bifurcation |
5 (57 %) . 1) a continuous flow of energy |
."3 process B ' E
= L 1) two processes :
g process A E & :
S two bifurcations
bifurcation Il '
1) Feedback Type 2) Phase Transition Type
(classical but complicated, see app.5) (today's topic)




Circadian Rhythm in Cyanobacteria

circadian rhythm in cyanobacteria

Night Day

12 h 12 h

Takao Kondo same rhythm even
(Nagoya Univ.) under continuous light!

Science, 1994, 266, 1233.
Science, 1997, 275, 224.
Science, 1998, 281, 1519.
Science, 2000, 289, 765.
Cell, 2000, 101, 223.
Science, 2005, 307, 251.
Science, 2005, 308, 414.
24 h Mol. Cell., 2006, 23, 161.
€ > Nat. Struct. Mol. Boil., 2007, 14, 1084.

. . . . Nat. Commun., 2013, 4, 2897.
KaiC protein oscillation Science, 2016, 349, 312.

core clock oscillator




Basic Mechanism of KaiC Protein Oscillation

- negative feedback
negative feedback

5 \/—\ 5 : \/ pKaiC\KaiA, KaiB |
E kaiC KaiC E y 1 e \_/I;a'c E

Model 2

Model 1 (classical mechanism) KaiA/B involved with phosphorylation

T m o mm mmm m  m o m o m o m o m o m o m o mE E R EEEEEEEEEE®S®:S®s® o e e sesssssss s s e e e e e e ... ... 1

"Reconstitution of Circadian

dephosphorylation Oscillation of Cyanobacterial KaiC
f/KaiA\ (P) (P) Phosphorylation in Vitro"

KaiB @ Science, 2005, 308, 414.
\AIP/( 1) Mechanism of (de)phosphorylation

phosphorylation 2) Role of KaiA and KaiB
3) Structure dynamics of KaiC




KaiC Protein Oscillation in Vitro

KaiA (0.05 pg/ul)
KaiB (0.05 pg/ul) S
KaiC ATP (1 mM)

(0.2 ng/pl)

Samples (3 ul) were collected every 2 hours,
quenched by SDS buffer
and then subjected to SDS-PAGE.
SDS buffer;
Tris-HCI (62.5 uM), pH 6.8
2% SDS, 10% glycerol

‘\

Tris-HCI (20mM), pH 8.0 /

NaCl (150 mM), EDTA (0.5 mM)
MgCl, (5 mM), 30 °C

0 12 24 36 48 60 (h)
P- . N o=
NS(.?('aC.c e mmm e R R S e e R R R
_ 12 @ P-KaiC 1.0
2 40 O NP-KaiC o
c M total protein = 087
T *
b > 06
@ o
- o ®
2 g 04]
E @
o« 0.2}
. = 0 :
UU 24 48 72 0 24 48 72
Hours at 30 °C Hours at 30 °C

Science, 2005, 308, 414.




Crystal Structure of KaiA, KaiB and KaiC

All possible combination
of interactions are demonstrated.

KaiA-KaiB

KaiB-KaiC

KaiC-KaiA
KaiA-KaiB-KaiC

EMBO J., 1999, 18, 1137.
J. Biol. Chem., 2003, 278, 2388.

KaiC hexamer Egli, M. et. al., Molecular Cell, 2004, 15, 375.



Phosphorylation Sites

Thrys;
ﬁ@ Ser431 ATP

1) ATP binding site at the interface of monomers
2) Two phosphorylation sites for each monomer

PNAS, 2004, 101, 13927.

dephosphorylation

2 2a T~

& {

phosphorylation

Twelve phosphorylation sites for KaiC hexamer



Sequential Phosphorylation and dephosphorylation

¢ ¢ ¢0.5 1.0 (:)
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e :
p \ p I ) <
pS/T\\.— — .// 2 0.3 06 3
S/ T~ —— - J/ 2 &
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> g

0 24 48 (h) T 01} 023
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Improved SDS-PAGE shows
four phosphorylation states.

Thr432
dephosphorylation

¥

Serysq
dephosphorylatlon

sequential
phosphorylation
model

pS/T

pSIpT
Thrys; \ Sery3q
phosphorylation phosphorylatlon

S/pT EMBO J., 2007, 26, 4029.



Autodephosphorylation via Formation of ATP as Intermediate

1.0

o
@

o
o)

o
T~

dephosphorylation
v
nonradioactive
1 mM ATP
30 °C

32p_|abeled KaiC
(® = radioactive 32P)

Normalized Concentration

o
i

o

J. Bio. Chem., 2012, 287, 18030.
Transient radioactive ATP formation prior to increase of P; levels!

ATP

Q

32P
1) Generation of 2) Reversal of 3) Hydrolysis of
phosphate acceptor phosphorylation intermediate
(ADP) (ATP)

KaiC undergoes dephosphorylation via the reversal of phosphorylation.



Short Summary 1

Serys pS/T Thrys;
dephosphorylatlon/ dephosphorylation
-

------------------------------------------- pSlpT ERRRREEEEE Reversal Process
Thr432 \ Ser431
phosphorylation phosphorylatlon
S/pT

How is the phosphorylation equilibrium periodically shifted?

¢

1) Interaction with KaiA and KaiB

2) Structure dynamics of KaiC



Role of KaiA

+ KaiA (8.6 pmol/ul)
- KaiB (38 pmoliul - +KaiA +KaiB +BSA
KaiC + BSA (8.6 pmol/pl) analyzed by

32PJATP (0.05 mM SDS-PAGE | _ . y :
1 pgruy LT PIATR QIS - SBRCAEE  sepikaic N MR
(8.6 pmol/ul)  Tris-CI (100mM), pH7.6  autoradiograpy - LR .

KCI (5 mM), MgCl, ,
30 °C, 60 min : PNAS, 2002, 99, 15788.

KaiA functions as phosphorylation promoter.
(KaiA shifts the equilibrium to phosphorylation phase.)

SIT pS/pT
Thrys; Serysq
phosphorylation phosphorylation
S/pT
@ @ KaiA enhanced
phosphorylation level even with
@ the ratio of KaiA:KaiC = 1:20.

EMBO J., 2003, 22, 2127.



Role of KaiB

(4.6 pmol/ul)  Tris-Cl (20mM), pH 8.0 autoradiograpy
NaCl (150 mM), MgCl, (5 mM)
EDTA (5 mM), 30 °C

1.0 54 1.0 2.7
relative intensity  EMBO J., 2003, 22, 2127.

-+ - KaiA
+ KaiA (0.23 pmol/pnl) ] - - + o+ KaiB
KaiC + KaiB (9.2 pmol/pl) analyzedby : + + 4+ 4 KaiC
S2pIATP SDS-PAGE | : -
(0.05 gy di > s e B (P KaiC

-O-+KaiA <:I KaiA enhances phosphorylation levels.

-o-+KaiA, KaiB <:I KaiB decreases phophorylation levels.

—o- +KaiB 1) Activation of dephosphorylation
- KaiC or

2) Inhibition of KaiA

KaiC phosphorylation
(relative value)




Short Summary 1

Serys, pSIT Thrys,
dephosphorylation/ \ephosphorylation
-€
KaiB
------------- ST BEERETEEEEETELEEEERCEEEEEEEEEENN <157/ o) ECEEELEEEE Reversal Process
KaiA

Thr432 \ Ser431
phosphorylation phosphorylation
S/pT

How is the phosphorylation equilibrium periodically shifted?

U

1) Interaction with KaiA and KaiB

2) Structure dynamics of KaiC



Structural Dynamics of KaiC and Interaction with KaiB

1) SAXS (Small Angle X-ray Scattering) shows 2) SAXS shows assembly-disassembly dynamics

structual transition of KaiC coupling with phosphorylation level.
coupling with phosphorylation level. . 408

O °, =
""""""""" et " S L L ® %
. Possible Model for Oscillation g e ® Lo
_ - - i
. ,dephosphorylation e ‘7 i } 08 3
= I @ 1)
i 373 8 06 B
/—\ N 5 8
R 343- 0.4 o9
‘~ 311 o[ 02 5

= 230T ' T | T T ] 0.0

. . . . 0 12 24 36 48 60 69
closure inactivation of KaiA

~N_ 7

phosphorylation

Maeda, Y. et. al., Molecular Cell, 2008, 29, 703.
Akiyama, S. et. al., EMBO J., 2011, 30, 68.

l C2ring Binding of KaiB and T



Short Summary 2

C2-Ring expansion

Bifurcation | &
(5l Binding of KaiB (inactivaion of KaiA)
Process B
KaiA assisted orylation
J Phosphorylation uced by KaiB binding

Process A

Bifurcation Il C2-Ring closure
&
Diassociation of KaiB

Possible to design the reaction below?

Catalyst B O Catalyst B
/ \ Reaction B
O ‘ﬂ | : Reaction A

Catalyst A Catalyst A

Ueda, H. R,, Cell Report, 2012, 2, 938.



3. A Design Principle



Simulation Study to Cause Oscillation

---------------------------------------------------------------------------------------------------------

k1 k,.g: rate constant (min-7)
@ K.1-s: Michaelis constant (uM)

The lower K,, is, the stronger
binding of substrate and catalyst is.

---------------------------------------------------------------------------------------------------------

0

modification de-modification

catalyst catalyst
ﬁ ——= blue: modification path
/Kms, kg ~— red: de-modification path

Random 1,280,000,000 parameter sets
were simulated. > 0.094 % hit rate for oscillation
(1 < k4.5 <1000 and 0.01 < K,,,1.5 < 1000)

Ueda, H. R., Cell Report, 2012, 2, 938.



Minimum Requirements for Oscillation: k, ¢

high k4 and kg (two FAST reactions) Step 4

low k, and kg (two slow reactions) 5 @3



Schematic View of Simulated Oscillation

Step 1 ] Step 2

@ Slower than Step 1

Slower than Step 3 @ @

Step 4 Step 3



Minimum Requirements for Oscillation: K, ¢

Cluster 1

Q)

Step 3

+ @ e

strong binding | gtep 4
(oW Kpg) | o




Schematic View of Simulated Oscillation

Step 1 Step 2

Step 1 is inhibited @ o
during Step 4 L @ Slower than Step 1
by strong affinity of IV to catA. I

S (W Step 3 is inhibited
Slower than Step 3 @ during Step 2
by strong affinity of Il to catB.

Step 4 Step 3



What Needed To Be Designed?

HO  OAc
FV 63_/ \\\
slow\‘.‘

Hoi OH AcO  OAc Desian of

@”

HO OAc AcO OH
v Strong Affinity

How can be the catalyst-substrate binding
designed to fulfill these requirements?

v Two modification sites
v Reaction type




Summary

2. KaiC Protein Oscillation in Vitro
C2-Ring expansion

Bifurcation | &
(5 i) Binding of KaiB (inactivaion of KaiA)
Process B
KaiA assisted orylation
Phosphorylation uced by KaiB binding

Process A

Bifurcation Il C2-Ring closure
&
Diassociation of KaiB

3. A Design Principle

Catalyst B Catalyst B

\ Cat B release
Reaction A, Reaction B,
i Cat B capture Cat A capture
&' ‘ Reaction A,

Cat A release

Catalyst A Catalyst A
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1. A Model for Synchronization of the KaiC Phosphorylation 35

Phosphoryation mtio of the oscillbtory solution

) KaiZ in the phosphorylation phase
D KaiZ in the de phosphorylation phasa

* Phosphate group Monomer Shuffling between KaiC hexamer
% plays a critical role for synchronization.
Shuffling phasa

experiments on next slides.

Shuffling

<:| Synchronization occurs

@ L@ — at depshophorylation phase.
+ switch ing
by &

KaiB
HgT.ﬁ. . Daphosphorylation

'L Molcular Cell, 2006, 23, 161.
Ka s — + Synchmnization Nat. Struct. Mol. Boil., 2007, 14, 1084.

Nat. Commun., 2013, 4, 2897.



2. Synchronization of the KaiC Phosphorylation 36

Ratio of P-KaiZ

@0 KaiC-Alaxa 522

@ KailC-Cys

-

of ¥ o]

24

s 43 &0
I ncu bation timea (h)

resulted in rapid synchronization(green/red).

Figure 2 Synchronization of two mixed samples. Recombinant KaiC protein
was conjugated to fluorochromes (Alexa Fluor 532 or Cy5). Fluorescence
from the two labeled KaiCs was quantified separately to determine their
phosphorylation ratios. We prepared KaiC samples with phosphorylation
rhythms in opposite phases by starting incubation of KaiC-Alexa Fluor 532
(black) at O h and that of KaiC-Cyb (white) at 12 h. Aliquots of these were
mixed (indicated by arrows) in an equimolar ratio at 24 h (a), 28 h (b), 32 h
(c) and 36 h (d). Each solution was sampled at intervals of 2 h and ratios of
phosphorylated KaiC (P-KaiC) to total KaiC plotted. Green and red circles
represent KaiC-Alexa Fluor 532 and KaiC-Cy5 in the mixture, respectively.

Nat. Struct. Mol. Boil., 2007, 14, 1084.



3. Monomer Shuffling at Early Dephosphorylation Phase

Q. When does shuffling occur?

Ratio of P-KaiC

Exp. Pull down assayv

Not Shuffled Shuflled

@% @W
@% @$

1P with anti-FLAG I.F' with anti- FLAG

e |

| |
Pulled Down x

Q: KaC-FLAG
@ Kac-Hs:

| |

FPulled Down Pulled Down

Precipitated KaiC

08 r
GE 1 L 1
0 12 24 a8 48
F, A, B: phosphorylation phase
C, D, E: dephosphorylation phase
F B C D ® KaiC
R (2R 2R | O KaiC-Flag
O
]
ks
d
5
=
=
c 0 | 1 | |
20 @ 16h
] —o—0 W20h
=15 | A 24N
. D52
=
S 10k RN
% 1.0 '-\l:..__:\_j L ”\.?-m-ﬁ.f 36 h
0.5 1 | 1 | 1

Nat. Struct. Mol. Boil., 2007, 14, 1084.

between C and D.

Figure 4 The phase of monomer shuffling and
its effect on phosphorylation rhythm. (a) Top,
phosphorylation rhythms of oscillatory samples
containing Flag-tagged or untagged KaiC. These
two samples were mixed in equimolar ratios 16,
20, 24, 28, 32 and 36 h after the start of
incubation at 30 “C. Aliquots of newly created
mixtures were collected every 2 h and subjected
to immunoprecipitation with Flag-specific
antibody. Trapped proteins were resolved by
SDS-PAGE and Coomassie stained, and the
bands at the size of KaiC were quantified.
Amounts of immunoprecipitated KaiC protein

Up tp 2-fold KaiC were normalized to the amount
was pu||ed down immunoprecipitated at the time of mixing

(bottom chart). If KaiC monomers shuffled among
KaiC hexamers, a greater number of KaiC
hexamers (up to two-fold) would be pulled down
by the Flag-specific antibody. Shaded boxes
indicate shuffling phase. Duplicate experiments
(n = 2) showed similar patterns. Phosphorylation
of samples F, B, C and D approximately
corresponds to those in Figure 3. (b) Shuffling

37



(a)

——
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4. Phase Transition Type Cis-Trans Oscillation Gel 38
A =435 nm
(using 1/8 ND Filter: 3.18 mW/cm?)

M
o o UV Light,
N:N@ NN Blue Light
| s3 S3 s3 B
Blue Light,
1-trans A 1-cis OH
31 S1 S1
L
| | |
2 4 6

= 0 Mixing 1 and 2 (2:3 molar rato) 0 ,
Na in DCM and MeOH Time (sec) —
) (1:1 volume ratio)

() EBHEOBEEDA A=Y —

o
1

o
L=
[

Mormalized Intensily
[}
th
I

Step 1 (S1)
photoprocess
[cis] k.
[

Step 4 (S4) [trans] Step 2 (S2) H
phase transition phase transition >
(unbending) Step 3 (S3) (bending) i
photoprocess < A

(trans] EXN

=

lkegami, T., Kageyama, Y., Obara, K., Takeda, S., Angew. Chem. Int. Ed, 2016, 55, 8239.



5. Feedback Type (19xx -)

. ) ] Lynx decreases Hare
Classical Example: Predator-Prey Relationships which increases Lyxn itself.

n
Arctic Hare negative feedback

NG
B

1)\2)/

Predator 1) Hare increases as less predator.
4) 2) Lynx increases as more food.

3) Hare decreases as more predator.

4) Lynx decreases as less food.

Canadian Lynx

Chemistry Biology

Belousov-Zhabotinskii (BZ) reaction Transcriptional-Translational Oscillator (TTO)

negative feedback

NG

HBro, Ce**

positive \/

feedback

negative feedback

NGEEIR

gene protein

) N2 T g

1) Gene activity increases as less protein.

2) Protein increases.

3) Gene activity decreases binded by protein.
4) Protein decreases by hydrolysis.



6. FKN Model for BZ Reaction

Basic Cycle

Br +BrQ,+2H"- HBrO, + HOBr (R3)
Br +HBrO, + H ~ 2HOBr (R2)
(Br" + HOBr : H'~ Br,+ H,0) %3 (R1)
(Br,+ CH,(COOH), ~ BrCH(COOH); + Br + H")x3 (R8)

2Br + BrOy + 3H" + 3CH(COOH), ~ 3BrCH(COOH), + 3H,0 Reduction of BrO"
(A) (Oxidation of maronic acid)

Process A
BrO, + HBrO, + H' - 2Br0; + H,0 (R5)
(Ce(Il) + BrO; + H* ~ Ce(IV) + H,O + HBrO,) X 2 (R6)
2Ce(IIT) + BrO; + HBrO, + 3H' ~ 2Ce(IV) + H:O+2HBrO; (G)  Consumption of Ce3*
2HBrQO,—~ HOBr + BrO, + H' . (R4) (autocatalysis of HBrO,)
ProcessB
6Ce(IV) + CH,(COOH), + 2H,0 -~ 6Ce(IIl) + HCOOH

~2C0O, - 6H’ (RO)
4Ce(IV) + BrCH(COOH); + 2H,0~ 4Ce(III) + HCOOH Consumption of Ce**

+2C0,+5H" +Br . (R10) (production of Br’)

FKN model: J. Am. Chem. Soc., 1972, 94, 8649.
Mathmatiical model based on FKN model: J. Chem. Phys., 1974, 60, 1877.



7. Simplified BZ Reaction Mechanism 41

In [Ce**)[Ce®] |

----------------------------------------------------

: Process A
. Ce#*

autc%-
catalysis HBrO,

bifurcation |
consumption of Ce3*

bifurcation Il
[Br)/[BrO;] =5 x10
(consumption of Br’)



What Needed To Be Designed?

HO OAc AcO OH
Strong Affinity
l but l

slow demodification reaction slow modification reaction
(low ks) (low k,)

Plus, | and lll do not strongly bind to any catalysts.



What Needed To Be Designed?

-----------------------------------

HO OFG
I:I Recoghnition site for Cat A
:l Recoghnition site for Cat B
) FGO  OFG

- i
/

-----------------------------------

5 —>» weak mteractlon
—» strong binding g\ﬁ—/



What Needed To Be Designed?

rTTTT T : (Ho  OFG

I: Recognition site
; forCat A& CatB .
" oH / FGO OFG
T — @ ~— {u

-----------------------------------

—>» weak interaction :

‘ -3 strong binding

------------------------------------
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Q&A

i
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Q&A
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@ — @ —

J Oxidized
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g HH

Degradation

KaiA aggregate
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Q&A
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Q&A
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Q&A
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Q&A

Q8. simulation study TN T= AT LIXE(KIGFF
LUSHZ BRI G REDNSHYET A ?

A8 ELLTIFEFEMLGEEN—BFTKRENEE-
WFET(EHRIRZRDEEANDEFTS5(Q12). &EH),
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Q&A

Q9. £{AAT. [EH Doscillation DA FESE-
TLYS 7
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feedback mechanismT9 (app. 55 H8),
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Q&A
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