FIEFRICRTRLND
Ik FIRR

Rt MRS
HEAKF 2H




npllNcs

SBHE>IT7AILEAIT
http://kurodalab.bi.s.u-tokvyo.ac.jp/class/Summer/2014/Day6/

ICEWTHYET, (TFAITa—FT429(LSS)

BN TE-08HTEEEL. HABLIEL,
NETE-=707 S LZFGALTESEIIIZLTTELY,

Mo AL,
BB CRERBEICRMYIBATTIILY,




RIBIDEE -RIGDNERE -
Ozbudak et al. (2004) Nature

out
_____________________________ b Y ———
------- L EP I 1L
l LacY-GFP (y) &

dx l'
gy = TPy | EXTULR
Sy et 1 (EEKTE)
ydt p—-ZEZ R T B B B T



LY

- AN TOIRENIEZR

DA, MEEE . MRS 2. BEE EH. etc. ..

Ly #2iE MR ELERS EEFREDRE
XX LD Ca> By i

o fRIERMD: Sel'kov ETIL

o RIEF NG FitzHugh-NagumoET )L
« BREYIFEDIG: Repressilator BT )L

=1

YouTubekY

JUBRIE RIS DIREIDEEET L

S11 S10
=
V4 s 58
& 2, -
/ A 2 f Re3
V ) T £ c
& 7 (©)
S, ®._® = 4
. ve, Cu) =
%, & g
% 2 0\E V. So A QA N
@ & 0 12 24 36 48
(Si)

Time (hour)

Jolley et al., Cell Report (2012)



LYy

1. EEFER D IREN-

C(RARTOIREIEZR]

=T )L (Sel'kov model)

Strogatz (1994) pp.205

—U1— F6P(y)

v, |

U2 _ADP(x) —U3—>
A
PFK(a)

vy = , r = v2 — v3
Vo =ay +I7Y .
Vg = T y=v1—v2
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“selkovm”ZEF O AO—KL TEEZIEDH S

function selkov()
% selkovETJL
sO = [1, 1]; % ADP(X)D#ERE & F6P(y) DWIERAIE
param = [0.06, 0.6]; % /\=5A—% a, b
time = 0.01:0.1:100; % > =1L —=> 3 > %17 D]

[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0); % ODEZ#% <
figure(1)

plot(t, time_course(:,1), 'r', t, time_course(:,2), 'b"); % #&ifh: BFRE . HitEh:=EE Tplot
legend({'ADP','F6P'});

S, —_ +

end a1l —v3 Vﬁ?n%

function dsdt = ODE(t, s, param) 3 | ‘ ‘ ‘
x = s(1): % ADP {i:—H
y =5s(2); % F6P 2.5 :

a = param(1);
b = param(2);

v] = 1.5

V2 =

V3 = 1

dsdt(1, :) = % ADPOISRIZEL |

det(Z, :) = % FO6PDIFEIZAL % 20 40 60 80 100

end



frEml (GRed1-1)

function selkov()
% selkovETIL
sO = [1, 1]; % ADP(X)D#ERE & F6P(y) DWIERAIE
param = [0.06, 0.6]; % /\=5A—% a, b
time = 0.01:0.1:100; % > =1L —=> 3 > %17 D]

[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0); % ODEZ#% <
figure(1)

plot(t, time_course(:,1), 'r', t, time_course(:,2), 'b"); % #&ifh: BFRE . HitEh:=EE Tplot
legend({'ADP','F6P'});

S, —_ +

end a1l —v3 Vﬁ?n%

function dsdt = ODE(t, s, param) 3 | ‘ ‘ ‘
x = s(1): % ADP {i:—H
y =5s(2); % F6P 2.5 :

a = param(1);
b = param(2);

vl = b, 1.5}
v2=a.*y +Xx."2.*y;
V3 = x; '

dsdt(1, :) =v2 -Vv3 ; % ADPDEFEIZEAL
det(Z, :) =vl -vVv2 ’ % FEPDEFEIZAL % 20 40 60 80 100
end
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plot(t, time_course(:,1));
li*ﬁiﬁ H#FEﬂs ff‘fiﬁiﬂ] ADPI}EIXO

WE-U\DIL. .. ADP (x)



71 Kb =[H B
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function selkov2()
% selkovETIL
(B%)
figure(1);
.ﬁgure(_Z)_; ___________________________ I
I hold on; |
"'plot_nulicline(param); % dx/dt=0, dy/dt=0%plot !
| |
|

end

function dsdt = ODE(t, s, param)
(%) 3
end

|
, a = param(1); :
I b= param(2); :
: x = 0:0.05:2.5; |
Lyl =x./(a + x.N2); :
I y2=Db./(a + x.2); I
: plOt(X, yll 'rll X, y2/ 'm'); :
L
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Vb EBDINTGA—EEEE T SHHE
for3XZ{&

- function selkov()

[t(,m%i)me_course] = ode45(@(t, s) ODE(t, s, param), time, s0);
figure(1); fori=1:n
el enéx)
func(té?z ;1 selkov_parameter_dependency() { () ZnEfgEniIRT
o1 el | num@%@ﬁ%%%@@ 2
I_ _param(2) = b(i);, R %

[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0);

figure(1);
hold on; subplot(numel(b), 1, i);
plot(t, time_course(:,1), ', t, time_course(:,2));

__ (B%) .
| d! - E
end fRZE 45 [Xselkov_parameter dependency.mZzSHE |

________________________________________________________________________________________________________________________
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AR ND (BE&1E) T U (FitzHugh-Nagumo model)

FitzHugh, Biophys. J (1961)
Nagumo et al., Proc. IRE (1962)
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AR ND (BE&1E) T U (FitzHugh-Nagumo model)
FitzHugh, Blophys J (1961) Hodgkln HUXIGY&H*%G)
Nagumo et al., Proc. IRE (1962) RAEBENETRTI2EHTETIL
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“fitzhugh nagumo.m”&4 V>V O—FLTZEREZIENHZ

function fitzhugh_nagumo()
% FitzHugh-Nagumo®€>/JL
% ODEZZZUER (CAZF <
sO = [1, 0]; % BREAL(v)DHIERE & ANEEEEZE(W) DHIHEAE
param = [0.0, 1, 0, 10]; % /\Z5X—% a, b, Input, tau

(%)
figure(1);
plot( ),
figure(2);
plot( )7

(%)

end
function dsdt = ODE(t, s, param) function plot_nullcline(param)
v =5(1); % FREAI a = param(1);
w = s(2); % NEEZEE i b = param(2);
a = param(1); Input = param(3);
b = param(2); tau = param(4);
Input = param(3); |
tau = param(4); v =-2:0.05:2;
wl =

dsdt(1, :) = | w2 =
dsdt(2, :) = plot(v, wi, 'r', v, w2, 'm');

end end

_________________________________________________________________________________________________________________________________________
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function dsdt = ODE(t, s, param) function plot_nullcline(param)
(B%) (B3)
dsdt(1, :) = v -Vv.~3./3 -w + Input; wl =v -Vv."3./3 + Input;
dsdt(2, :)=1./tau.*(v-a-b.*w); w2 = 1./b .* (v-a);
end plot(v, wl, 'r, v, w2, 'm");

end
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P\ tet01 Elowitz and Leibler (2000) Nature
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H13. YT L v L—%— (Repressilator)
JRE—S—fREICHEE L

mRNADBREIZE1L InhibitorlZ & A HRIFEDEE
.
dmi | 84 |
— — 1M - &g
dt 1+ p?
y SR (mRNA[ZLEE]) mRNADEEFKIR
P inFEFRZE
rotein®FHZEAE SME (B 1RO E B H )
dp; B
i (mz —pz') FINSA—BTERTILLTHD
N

BMER (mRNA[ZEE51)
(¢,7) = (TetR, Lacl), (Lacl, XcI), (Acl, TetR)
a=100,a0=1,6=5,n=2



ZERE3-1 “repressilatorm”Z& X O O—RL TEREEZIEDH S

function repressilator()
% Repressilator€7)L
% ODEZZMERY (CAZ<

(Bg)
figure(1);
plot
% tEEH: BRI, MitEh .2 Cc T Oy b 3fEEDS >/ NIE(CDUT)
figure(2);
plot3

% I&EM: TetR. Htem:Lacl. =@l Acl |

end
| 3RedDTOWY b
function dsdt = ODE(t, s, param) | plot3([xDEL5Y], [yDBe5l], [zoBe5l], €2)
dsdcil:(l, D) = % tetR-lite
dsdt(2, :) = % lacl-lite
dsdt(3, :) = % AcI-lite
dsdt(4, :) = % TetR
dsdt(5, ;) = % Lacl
dsdt(6, :) = % Acl

end
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function repressilator()
% Repressilator€7)L
% ODEZZUBRY(Cf#Z <
(B%)

figure(1);

plot(t, time_course(:,4), 'r, t, time_course(:,5), 'g, t, time_course(:,6), 'b");
% tEEhBFRE. fitEh 2R c T Oy b GEEDS > )\UE)

figure(2);

plot3(time_course(:,4), time_course(:,5), time_course(:,6), 'b');
% FEEH: TetR, #itéh:Lacl. =#h: Acl

end

3RDTI OV b
func;cliﬂg? dsdt = ODE(t, s, param) | plot3([xDEEFI], [yDERHI], [zDEEFI], )

dsdt(1, :) = alpha/(Y~n+1)+alphaO - x; % tetR-lite (mMRNA)
dsdt(2, :) = alpha/(Z”~"n+1)+alphaO0 - y; % lacl-lite (mMRNA)
dsdt(3, :) = alpha/(X~n+1)+alpha0 - z; % Acl-lite (mRNA)

dsdt(4, :) = -beta * (X - X); % TetR (Protein)
dsdt(5, :) = -beta * (Y - y); % Lacl (Protein)
dsdt(6, :) = -beta * (Z - 2); % AclI (Protein)

end
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SelkovET JLIZDUNT,
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(0, N,) (N, N,) [X,Y]=meshgrid(0:Nx, 0:Ny)
\ meshgrid(0:4, 0:5)
N e | g X= Y=
................................................. 0O 1 2 3 4 O 0O O O o
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................................................. 0O 1 2 3 4 2 2 2 2 2
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quiver(X, Y, DX, DY);
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SURIAEENEES (X1, -+ xn) &
B f = f(x1, -+ xn)

12X LT, Ma =T 2B 2 diffZ%,

511

SYms x y;
f=Xx"N2 + y"3;
dfdx = diff(f, x);
1512:

SYms X y;
f=x"2+y"3; ¢

J = [diff(f, x), diff(f, y

1LVD,

— X/\4>I<y
;) diff(g, x), diff(g, V)1;

D e e [ b
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[V,D] = eig(A);

!
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d = eig(A);
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Lotka-Volterra T ILZ R EESDEXE R

Lotka-Volterra® 7 )L T ZFHE< &.
B ICIXRARNIEZ R

ZTDEFoded5STHIERRZKOHHE
AHEAEXRFDRAEIZESELD T

SFRRETEAD
AT OB EE) Y

function lotka_volterra
% Lotka-Volterra®> )Lz #ER (CHZE <
time = 0:0.01:150;
param = [1,0.01,0.02,1]; % a, b, ¢, d

sO = [20, 20]; % x0, y0 o T e e
options = odeset('RelTol’, 1e-6, 'AbsTol’, 1e-3);
[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, sO, options);

(%)
end
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; Rebirth of a Dead Belousov—Zhabotinsky Oscillator

Hitomi Onuma,’ Ayaka Okubo," Mai Yokokawa,® Miki Endo, Ai Kurihashi," and Hiroyuki Sawahata™

Mito Dai-ni Senior High School, Oh-machi, Mito, Ibaraki, Japan

ABSTRACT: Long time behaviors of the Belousov—Zhabo- 01t e

tinsky (BZ) reaction are experimentally analyzed in a closed 01 o ML 5 somsumestessy s
reactor. The amplitude of the oscillation is suddenly damped ¢ 008 ° s o

after about 10 h. After about 5—20 h, the dead oscillator is ¢ oos ° 3 oe @ Rebitnof Osclation
suddenly restored with nearly the same amplitude as before it & oo7 o o ——
stopped its oscillation for certain values of the aos os g [RRRRRATARSE
sodium bromate and malonic acid (MA). With the other 500 / e

domains of the concentrations, the oscillator simply damps o om ar o ez o R

and never restores its oscillation. The phase diagram of the

B X Y different types of damping behaviors as a function of the concentrations is obtained.
| | 1. INTRODUCTION steady period is about 5.5 h. After this rebirth, we found that the
The Belousov—Zhabots BZ tion has b " system gradually reaches a monotonous thermodynamic equi-

e o e 5 rium. Such dynamical bebavio vth a muchshorte ded tme

The BZ reaction has been examined in both closed systems  °f “‘}";‘{‘ 11-712 min has been P"""‘“l‘{ P“fl“ge“ ne ‘;5“" of

(batch reactors) and open systems (continuous flow reactors). In model caleulation. ™ However, to our knowledge, the phenom-

the open system, reactants are supplied at a constant rate, and enon with such a long dead time reaching several to 20 hours,

steady states such as a periodic oscillation, multistable states, or which is 3 orders of magnitude longer than the time scale

chaotic behaviors have been observed. On the other hand, observed in ref 15, has not yet been reported. Furthermore, it

reactants are consumed with the progress of the reaction in the was clarified experimentally that the phase diagram of the initial

closed system, thus the system eventually approaches chemical concentration of [MA], and [BrO; Jo of BZ oscillator with the

long dead interval had a well-defined domain. Hence, it seems to

equilibrium as oscilltory states die out. It has been reported that
t=40s t arich and complicated behayor is shown n the closed system of 4 that this long time behavior may be categorised as 2 new
various reaction conditions,"*-** However,in thei studies they  {ynamical phenomenon. The main purpose of this paper i to
have mainly focused on the complex behavior of the oscillation ~ TPOrt this interesting new observation.

oq o . — 0y and not on the way the oscillation dies away. In this paper, we vill
> L focus on this dying away process. 2. EXPERIMENT
I IJ\ 1 1 e la ZS T see this process, we performed experiments of the BZ Our experiment has been performed as follows: A beaker of
reaction in a closed reactor for a very long time. For example, if ’

20 mL was placed in a thermostatted water bath to keep the

we leave the ferroin catalyzed and stirred a BZ solution in a  reaction temperature constant at 25 °C. In all experiments, the

beaker fora very long time, the oscillation of ts color betweenred  initial of sulfuric acid and ferroin were fixed as

and blue ceases and turns into a monotonic light yellow. Thiscan 0,80 M and 2.0 x 10 ° M, respectively, while the initial

be explained as follows: In general the reaction ina closed system  concentrations of sodium bromate and MA were changed in

should reach a thermodynamic equilibrium state.'® In our case,  the values shown in Table 1. The free surface of the BZ solution

the ferroin /ferrin, which is an iron catalyst in the BZ solution of  contacted with the atmosphere. To perform all experiments, we

by

an acidic condition, slowly dissociates in Fe /Fe*” and the 1,10- first prepared a solution without ferroin just before the experi-

phenanthroline ligand.* At the same time, other reagents are  ment, then the oscillation began when ferroin was added next.

also gradually consumed as time goes by. Hence, the chemical  Therefore, the total volume of the reaction mixture was kept

oscillation cannot last forever, and the oscillating state is dragged constant at 20 mL, and the stirring rate was 190 rpm through this

into one of some >te.\dy states depending on the inial concentra m.dy ‘We measured the profiles of the redox potential Egp by
_— — — tion of electrode (HORIBA, 6861-10C), which is
— of thermodynamic cqul.hbnum 10 We fc\md that it s indeed the mmpmd of a Pt wire and Ag/AgCl electrode utilizing

case for almost all concentrations of the ingredient of the solution.  saturated K,S0, aqueous solution as an internal solution, and

However, we also found that, for a certain value of the  the data were recorded by a personal computer through an AD

concentrations, the dead BZ oscillator suddenly resumes its

oscillation after about 5—20 h, with nearly the same amplitude ~ Received:  January 5, 2011

as it did before the oscillation stopped. An example of these  Revised:  October 14,2011

phenomena is shown in Figure 1, where the intermediate quiet  Published: October 14, 2011
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