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TMGout (Xour)

dt
dy 22
C p + x? /

LacY-GFP (v)

Ozbudak et al. (2004) Nature @
ETILEBHEBIEL=ED

TMG (methyl-B-D-thiogalactopyranoside)
LacYIZK>THYIAFEN ., LaclZzfBE T %




OzbudakET LD EHETFHDE K

dx
= %t aXou + By
dy 2
dat 0+ x? /
Variables Constants
x: TMG;, a, p: Rate constants,

y: LacY-GFP p Tightness of Lacl repression
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;EE 1(MATLAB): Ozbudak modelz= &)V

dx

E: _ZC_I_O‘Xout—I_ﬁy
dy gpQ

dt p+ x? Y

MEME(EH)  x(=0)=0, y(=0)=0
INDA—R(FEH):0=0.1,=10,p =25, X, =5




774 )ILZDLL CTEHREZIEHLZILD

time = 0:0.1:30;

X_init=0;y init=0;
alpha=0.1; beta=10; rho =25; x_out= 5;

sO=[x_init, y_ init]; % Initial values
param = [ alpha, beta , rho , x_out]; % Constants

[t,time_course] = ode15s(@(t,s) ODE(t,s,param),time,s0);
end
function dsdt= ODE(t,s,param)

x =s(1); y=s(2);
alpha = param(1); beta = param(2); rho = param(3); x_out = param(4);

dsdt(1,
dsdt(2,
end

)
)

function ozbudak() \

plot(t,time_course) }
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function ozbudak_hysteresis_timeseries( )

()

[t,time_course] = odel 5s(@(t,s) ODE(t,s,param),time,s0);
plot(t,time_course(;,2)) %y DHTEVRT 5

holdon % ERIEZZETRI 9 26T

X_init = % time_course MR im{EZ x_init, y_init [ZtYk
y_init =
sO = [ x_init,y_init ];

X_out = % TMGout D{EZ 01295
param = [ alpha,beta ,rho, x_out];

time = 60:0.1:120;
[t,time_course] = odel 5s(@(t,s) ODE(t,s,param),time,s0);

plot(t,time_course(;,2))
end

function dsdt = ODE(t,s,param) (%)
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i %2 51) % dose response curve [CHEEET
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function ozbudak_fig2b( )
time = 0:0.1:30;
x_init=0; y_init=0;
alpha = 0.1; beta = 10; rho =25; x_out = 0;
param =[ alpha , beta , rho, x_out ]; % Constants
figure(1)
hold on
while x_out <= 20; % Z®whileX & Fig.2b FEZIZFE
sO =[ x_init, y _init]; % Initial values
[t,time_course] = ode15s(@(t,s) ODE(t,s,param),time,s0);
y end = % yDFRZRINDERREEREFDE)ZY_end ITHA
plot( x_out,y end , 'ko');
X_out = x_out + 1;
param = [ alpha , beta , rho, x_out ]; % Constants
%y endZx. RDUZaL—2a>DHHEIZT S

enda

while x_out >=0 % Z®while)JL—7(Z1& Fig.2b LERIZHHE T HABTEEL
% ZZIZIZ E®D while L—T R =-RBEZZEL 1=12L
% F7OYrT B RIEZFO+F(r+)ET B,

end
end

function dsdt = ODE(t,s,param) (LL FEg)
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end

function ozbudak_phaseplane()

(B& . #¥NHYUE. /NTA—R(Ex_outLldt EE1ELRILEDETSD,)
X_out= % ERXTUD Rz CTEEREISHIMEZR T &

function dsdt= ODE(t,s,param) (B&)

function plot_phase plane(time_course, alpha, beta, rho)

x_time_course =time_course(:;,1);
y_time_course =time_course(:,2);

figure(1);
hold on;
plot( : 'K % BEOEE T HES
xlabel('TMG')  ylabel('LacY-GFP')
y =0:0.01:0.8;
: % dx/dt=0
plot(x,y,'r), % r'lEred®r
x =0:0.1:10;

y =x.2./| |; % dy/dt=0
plot( |, | , 'b);
hold off;
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1. ERRER DIRENET )L (Sel'kov model)

Strogatz (1994) pp.205 |
—VU1—F6P(y) Vo :ADP(x) —V3—>
A
_ PFK(a)
b1 = , r=v2— v3
Vg = ay + Y .
Vg = X Y — vl — v2

iReEl-1: V2 lb—2a  TIRBZHEREL LD
INSA—%:a=0.06,0=0.6 g pEpe
DHE: 2(0) = 1,y(0) =1 Ht#dh: =,

I

Kt



“selkov.m”Z 3 ) O—kL TEFEZIE

function selkov()
% selkovET)L
sO =[1, 1]; % ADP(X)D#JHAIE EF6P(y)MDHIERE
param = [0.06, 0.6]; % /\=5XA—%~ a, b
time = 0.01:0.1:100; % > =1L —=>3 > %17 DFfE

&
5

[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"); % #&Eh: BFfE. HitdEh 2= Tplot
legend({'ADP','F6P"});

end

Zalb—ia iR
function dsdt = ODE(t, s, param)

x = s(1): % ADP 3 | | | {{:;‘Eiﬂ
y = S(Z); 0/0 F6P 2.5k |

a = param(1);

b = param(2); il

vl = 1.5}

V2 =

v3 = '

dsdt(1, 1) = % ADPOBSRIZL|

dsdt(2, :) = % FEPMDEFEIZAL 0 n m " = o0

end




e Hl (GRed1-1)

function selkov()
% selkovET )L
sO =[1, 1]; % ADP(X)D#JHAIE EF6P(y)MDHIERE
param = [0.06, 0.6]; % /\=5XA—%~ a, b
time = 0.01:0.1:100; % > =1L —=>3 > %17 DFfE

[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"); % #&Eh: BFfE. HitdEh 2= Tplot
legend({'ADP','F6P"});

end S, N
Ialb—iaViER
function dsdt = ODE(t, s, param)

x = s(1); % ADP 3 | | ==
y =5s(2); % F6P 2.5l |
a = param(1);
b = param(2);

vl =b;
v2=a.*y +x."2.*y;
V3 = X; !

dsdt(1, :) = v2 - v3 ' % ADPODBFZL
dsdt(2, :) = vl -v2 ' % FEPDEFRIZAL, 0
end

0 20 40 60 80 100




I % 51 5o B S Sel'kov Tc-r)l/}&g{;dwj =X Ls
—UV1— F6P(y) v2 " ADP(x) —U3—>
>

PFK(a)

i /03:$

F6PHY

NV R

Vo = ay—l—:z:'2y

D AB(EBH)IZLHOT

/H c

=5, ADPIE

. HPEDEEH R,
@ FOPHAIKRELIGDE
ADPHEZ . FOPHYE

% (FsfE:EALDNFB)
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tH L THEPLEZERE]

Xy
’ — o n% Ta1-2:
i 5 cDOEDI7AINZEWCHT
g | MEEELTOREIHE
= | (x-y*FmE_LTplot)
\ | EXIVISA BT
E2k -
plot(t, time_course(:,1));

(X tE 8 BFRE . ftEh:ADPIEEE,
WE-ULDIE... ADP (x)
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function selkov2()
% selkovET )L

(B%)
figure(1);
plot(t, time_course(:,1), 'r', t, time_course(:,2), 'b"); % & iFhE. it == Tplot
i'Fi'g't]'r'e'(i')'; """""""""""""""""""""""""""""""""""""""""""""""
hold on;

plot nuIIcllne(param) % dx/dt=0, dy/dt=0%Zplot |
lplot(tlme course(:,1), time course( ,2), 'DY); % tEdEh:ADPIEE. #ithl:F6P=E Cplot !

function dsdt = ODE(t, s, param)
(B3) 3

end

______________________________________

‘function plot_nullcline(param)

i a = param(1); . |
' b = param(2); ; & 1.5
. x =0:0.05:2.5; |

-yl =x./(a + x.N2); i gl
y2 =Db./(a + x.’\2);
' plOt(X yl 1’ X y21 'm'); i
.end | 0
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EUb BEDNTGA—3FHET HIHGE
forX z{#

' function selkov()

(B%)
[t, time_course] = ode45(@(t, s) ODE(t, s, param), time, s0);
figure(1); fori = 1:n
(B
' end (X)
e end
e (X)&nEHEDIRY
 function selkov_parameter_dependency() {
(B%)
b=01:021.1; numel(&cs!)
for1 = 1:numel(b) @E@J@%%d)@y&

param(2) = b(i);:

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

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

end iz Z {5l (Iselkov parameter dependency.m%xZHR




Sel'kovET ILDIRENER CIHNBIZ/INTGA—RE(E ?

|
—U1— F6P(y) (9, :ADP(X) —U3—>

PFI%(a)
V1 = b
U2 =AY + zlzy
Vg3 = X

ADPIZKADFPDERIZHLNT — _

F6POD R (HTRME) B LD S é%%ﬁf;ﬁﬁn@ﬁot
or/and : i =

PFKICKDEBERNEDHD é%jlaéblﬂgﬁl;:%aﬂf\é:

(aDEZEAZD) iR | -
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* |
—VU1—F6P(y) _ Vg . ADP(x) —U3—>

U1 — b
2
vy =g+ 7Y
Vg — X .
 ( A HE—DEE AT
/) TININSKIEY T EDE,
D~ vy = vy = 0 &7&Y,
XILDFA: Y HEMLEET S
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http://kurodalab.bi.s.u-tokvyo.ac.jp/class/Summer/2015/Day6/linear stability analysis.pdf
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NEFEZRMNDEER3 -
B E mElE, EiT
dx/dt=0

{dy/dt=0
Zitil=9 mTdhdo
EIL AR T,

v

E l:'_E“\ -
ET

"ﬂx y’&i—?tb’ﬁi’?ﬁ‘iéﬁf:?ﬁ

t?’ﬁ’bli Skﬁwﬁ‘ﬁ]\éﬁ%
JFonf=g&1&.

i '['S'-'ii}"S'-' V]""i 5 gyu/:ms Xy;
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<I:I% (31?/:?'55) 1 EE‘EM\\

e OzbudakETILIZ3 DH S ETE R DEIZERDEILY
- BEH =XILISAUDI S

function S = ozbudak fixed point( )

syms X Y;

S =solve('-x + 0.1 *5+ [0*y=0,..
‘ XY )

% [ETE m D EZEZTR R

end
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HFEmLEIZARIRLIEFRK

READER

{:g: = f(z,y) B(x,y) [CKES (£,9)D
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NZEZRDEER 4 -NJUMLi5-
NIV DI ADRDTT

(0, N,) (N,, N,) [X,Y]=meshgrid(0:Nx, 0:Ny)
l, l, meshgrid(0:4, 0:5)
e C S > X= Y=
........................................................ 5 O 1 2 3 4 O 0 0 0 O
D e | 0 1 2 3 4 1 1 1 1 1
............................................................ > 0 1 2 3 4 2 2 2 2 2
D e N 0 1 2 3 4 3 3 3 3 3
............................................................. 5 0 1 2 3 4 4 4 4 4 4
D R S e N ° ' ’ > 1 ’ ” ” § i
D T g X’ Y€1EO-C\
[ > %1t&7l\)b§*&)é
_ >[‘ OX< --. ,
(0, 0) (N,, 0) DY=---;

quiver(X, Y, DX, DY);



B (WETEMN)2: RIMIILIGEH(MATLAB)

¢« MATLAB#{#E->TOzbudakE®TILDARHKNILISHFH =1
=LY,

function ozbudak_vector_field()

(B&)
function vector_field( alpha,beta,rho,x _out)
[%,y] = meshgrid( );
DX =
DY = §§§§§33“
fisure(l) WISy A
quiver( ); T P
end N PP AP
7 N SN
NN
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YIAE1THIEMATLABZ LN TRKROHBIZIE.
DURIESINT=ER (X1, - xn) &
B#f = f(x1, --- xn)
125 LT, Mz 1T oBEZdiff=ALNS,

151

syms xv; % = iRN)Lx,yZEEE
f=x"2+ y~3; % BEARf2ERE

dfdx = diff(f, x); % fZx T
subs(dfdx, x, 2) % x=2MD & DM 1HRE

15112:

syms X V; % = >mILx,y&EERE

f = x"2 + y"3; g = xN*y; % BEZERE

J = [diff(f, x), diff(f, y@diff(g, x), diff(g, y)1; % V7IETH%=1E

D e g | m

subs(J, [x, v], [1, 2]) % x=1, y=2D =DV ETTH
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HIFEF N D (EB&1E) ®T )L (FitzHugh-Nagumo model)

FitzHugh, Biophys. J (1961) Hodgkin-Huxley & [E#k D
Nagumo et al., Proc. IRE (1962) RAEBONE T 2EHETIL
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FitzHugh-NagumoE7T /L
van der POl AFEXZ~N—X
(2% 2., BE)




Lix

C(RATOIRE;IFR?2

HEEF N D (FHR&1E) T T IV (FitzHugh-Nagumo model)
Hodgkin-Huxley &R D

FitzHugh, Biophys. J (1961)
Nagumo et al., Proc. IRE (1962)

o5

Voltage- re-uptake pump  Axon — v
gated Ca"* terminal dt
channel & Neuro-
& transmitte
N «/ receptors _ dw

Synaptic

WETRI2EHETIL
03
3 w + Input

Post-synaptic 00 % / } cleft _ S  — b
density Dendritic 7- — ’U a w
F spine d

V:BEAM. W: FEHIET S
(BSRR1EIC &> TEH)

FEREIRRE2-1: 3l —
/\/)( /5!&: ,b

IV CIRENZHERRL LD
L, Input = 0,7 = 10

AEATE: 2(0) = 1,5(0) = 0



“fitzhugh nagumo.m”z&4 V> O—kL TEREZEDH D

function fitzhugh_nagumo()
% FitzZHugh-NagumoE€>/L
% ODEZZUERY (CfE <
sO = [1, 0]; % RREAL(v)DFIHAME & ANETECZEE(W)DYIRAME
param = [0.0, 1, 0, 10]; % /\=>X—% a, b, Input, tau

(B3)
figure(1);
plot( ;
figure(2);
plot( ;
(B3)
end
function dsdt = ODE(t, s, param) i function plot_nullcline(param)
v =5s(1); % fEEANI i a = param(1);
w = s(2); % NEMHEZEE | b = param(2);
a = param(1); | Input = param(3);
b = param(2); i tau = param(4);
Input = param(3); i
tau = param(4); ; v =-2:0.05:2;
i wl =
dsdt(1, :) = : w2 =
dsdt(2, :) = i plot(v, wi, 'r, v, w2, 'm');

end i end

_____________________________________________________________________________________________________________
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faEh| (FEEZRE2-1)

function dsdt = ODE(t, s, param) function plot_nullcline(param)
(Bg3) (B3)
dsdt(1, :) =v -v.~3./3-w + Input; wl =v-v.~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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3. YT L v L—2A— (Repressilator)
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SRR (?) TOIREFIRR3

3. YT L v L—2A— (Repressilator)
JRAE—S—fEEICHEALT:

Wﬂﬁ%ﬁ%ﬂ: ] Inhibitor|Z K AHFKIRDAE
.
dm,; o
— — 1y &
dt 1+ p7
52 (mRNAIZ L) mRNA D EHEFIH
Protein D FfE1 £ 1k
mﬁm“ ] SR (2RO BEIZEAI)
dp; B
i (mz’ — pi) BINSA—RILERTIELTHS
\

#MER (mRNAIZ L)
(¢,7) = (TetR, Lacl), (Lacl, XcI), (Acl, TetR)
a=100,a0=1,8=5,n=2



F R IRRE3-1 “repressilatorm”Z ¥ U O—k L TEEZIESH S

function repressilator()

% Repressilatort> )L
% ODEZ&ZER (CfF <

(B%)
figure(1);
plot( ’
% TEEM:IFE. FEH: Z2EX C H
figure(2);
plot3( );
% TEEH: TetR, Fit#l:Lacl. ==HH: Acl
end
| 3RcDTOWY b
func(tﬂ;g; dsdt = ODE(t, s, param) | plot3([xDECH!I], [yDEEH!], [zDBEF], )
dsdt(1, :) = % tetR-lite
dsdt(2, :) = % lacI-lite
dsdt(3, :) = % Acl-lite
dsdt(4, :) = % TetR
dsdt(5, :) = % Lacl
dsdt(6, :) = % Acl

end
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fR 55 (FEEERTE3-1)

function repressilator()
% Repressilatort> )L
% ODEZZUERY (CfE <
(B%)

figure(1);

plot(t, time_course(:,4), 'r, t, time_course(:,5), 'g, t, time_course(:,6), 'b");
% tEEhIFE. fitEh 2 c T Oy b BEEDSY >/ O8)

figure(2);

plot3(time_course(:,4), time_course(:,5), time_course(:,6), 'b");
% fEEl: TetR, #itdl:Lacl. S =EH: Acl

end

function dsdt = ODE(t, s, param)

(B%)

3RTADOITOWY
plot3([xDELFY], [yDEEH], [zDELF], )

dsdt(1, :) = alpha/(Y~n+1)+alphaO - x; % tetR-lite (MRNA)
dsdt(2, :) = alpha/(Z~"n+1)+alpha0 - y; % lacI-lite (MRNA)
dsdt(3, :) = alpha/(X~n+1)+alpha0 - z; % Acl-lite (MRNA)
dsdt(4, :) = -beta * (X - x); % TetR (Protein)
dsdt(5, :) = -beta * (Y -vy); % Lacl (Protein)
dsdt(6, :) = -beta * (Z - 2); % Acl (Protein)

end



FERERTE3-2: Repressilator® 7\ o A—2{&K1F 1%

dm, o mRNA D E R F IR
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dpz
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Lotka-Volterra BT JILZ R EZENEFE R

Lotka-Volterra®7 )L CHHE ZHa<l &,
B ICIXFAEEZ TR

ZTDEFoded5STHIEREZKDLHE
PEHERF DEAENE(IZESELNDT |
ABERETERD

(BT, FRLVEBS %8 10) Yy

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

s0 = [20, 20]; % x0, y0

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

end
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L 1 ; 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- 011

tinsky (BZ) reaction are experimentally analyzed in a closed 01 :“ N 5 scraute sty se

reactor. The amplitude of the oscillation is suddenly damped ¢ 006 <
after about 10 h. After about S—20 h, the dead oscillator is ¢ 008 | @ Rabith of Osclision
suddenly restored with nearly the same amplitude as before it & 407 @ os S
stopped its oscillation for certain values of the concentrations of g0 05 Iy Lr——
sodium bromate and malonic acid (MA). With the other 4o, oal
domains of the concentrations, the oscillator simply damps o oz o »
and never restores its oscillation. The phase diagram of the Time {howr)
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—Zhabotinsky (BZ) reaction has been well | System gradually reaches a monotorious thermodynamic equi-
15 librium. Such dynamical behavior with a much shorter dead time

investigated as a_typical example of chemical oscillators.
The BZ reaction has been examined in both closed systems
(batch reactors) and open systems (continuous flow reactors). In
the open system, reactants are supplied at a constant rate, and
steady states such as a periodic oscillation, mulfistable states, or
chaotic behaviors have been observed. On the other hand,
reactants are consumed with the progress of the reaction in the
closed system, thus the system eventually approaches chemical
equilibrium as oscillatory states die out. It has been reported that
arich and complicated behavior is shown in the closed system of
various reaction conditions.'””* However, in their studies they
have mainly focused on the complex behavior of the oscillation
and not on the way the oscillation dies away. In this paper, we will

of about 12 min has been previously provided as a result of
model calculation.® However, to our knowledge, the phenom-
enon with such a long dead time reaching several to 20 hours,
which is 3 orders of magnitude longer than the time scale
observed in ref 15, has not yet been reported. Furthermore, it
was clarified experimentally that the phase diagram of the initial
concentration of [MA]q and [BrO; ]y of BZ oscillator with the
long dead interval had a well-defined domain. Hence, it seems to
us that this long time behavior may be categorized as a new
dynamical phenomenon. The main purpose of this paper is to
report this interesting new observation.

X — F

focus on this dying away process 2. EXPERIMENT
To 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 @ reaction temperature constant at 25 °C. In all experiments, the
beaker for a very long time, the oscillation of its color betweenred  initial concentrations of sulfuric acid and ferroin were fixed as
and blue ceases and tums into a monotonic light yellow. Thiscan 080 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 catalystin the BZ solution of contacted with the atmosphere. To perform all experiments, we
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 steady states depending on the initial concentra-  study. We measured the profles of the redox potential Ecyp by
— — tion of lients. Then the system reachy using a combination electrode (HORIBA, 6861-10C), which is
-_— of thermodynamic equilibrium.>*** We found that it is indeed the  composed of a Pt wire and Ag/AgCl electrode utilizing a
case for almost all concentrations of the ingredient of the solution. saturated K,SO, 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 $—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
g7 ACS Publications 2011 anercn cremisc 1037 i 101021200103 1 Py, Chrm A 201, 115, 14157-14142

9 Onuma et al., J. Phys. Chem. A 115, 14137 (2011)
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