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Abstract: In this paper, we discussed on the development of a simulation software with graphical
interfaces to simulate the interaction in genetic problem using Scilab. However we only focus on
problems such as Genetic Toggle Switch , Biological Clock of Neurospora Crassa , and Biological
Circuit of the Repressilator. This simulation software may overcome the destructive DNA experiment.
We apply numerical analysis approaches to construct the algorithm in the software. Fourth order
Runge Kutta (RK4) and Runge Kutta Fehlberg (RKF) were used to approximate the result. Results
show that the Scilab based simulation software via RK4 and RKF was superb in simulating the genetic
problem.
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1. Introduction

Simulation system aim to mimic a phenomenon in physical environment. Thus, the
simulation require the presentation of object behaviour as real as possible. The system have
the ability to solve real-world problem safely and efficiently. The system provides clear
insights into a real-world problem. Therefore, simulation system gives benefit to student,
researcher, and practitioner to perform certain tasks or to understand certain situation
especially dangerous or hazardous problem in healthy and safe condition.

Teaching student using a simulator give flexibility to student to manage their study
time. This will accomodate weaker and gifted student learning phase. Increase their
understanding the application of some theory in an applications. For researcher and
practitioner, the simulation software aided them with early prediction of an experiment. This
help them to speed up their research and development activity and reduce cost. Simulations
also allow exploring situations too complex to be solved analytically. Simulations also permit
us to validate inferences drawn from empirical studies. They can be run with different
estimated parameters and compared to the original dataset. In addition, simulated data can be
very useful for educational purposes. Various datasets can be generated and provided to
student to train their skills.

Interaction and interrelationships in system biology is a complex interaction to
understand. Lab experiment often need to be conducted to understand their behaviour, In
DNA research as an instance, DNA often need to be bought with high price. After the
research, the DNA protein cannot be recycle to be used in other research (Atkinson et al.,
2003; Yihai, 2004; Gardner et al., 2000; Csicsery & O’Laughin, 2013). This was called as
destructable items. Simulation research in DNA provides better solution to help the research
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process. The system act as a predictors in research before we conduct a real lab experiment to
confirm the behaviour.

In this research, we develop an simulation software for Genetic Toggle Switch ,
Biological Clock of Neurospora Crassa, and Biological Circuit of the Repressilator. Gardner
et al. (2000), Atkinson et al. (2003) and Csicsery & O’Laughin(2013) have done research in
Genetic Toggle Switch problem mathematically. Merciful of Allah (s.w.t.) let us understand
his creation using mathematics. Its complex creation shows its power, its grace and its vast
knowledge. Figure 1 shows the Genetic Toggle Switch architecture.

Inducer 2
Promoter 1 J_
Repressor 2 ) Repressor 1 Reporter
'|' Promoter 2

Inducer 1

Figure 1. Architecture of the Genetic Toggle Switch. (Gardner et al., 2000)

According to Atkinson et al. (2003), the Genetic Toggle Switch is a genetic network
constructed by referring to Escherichia coli bacteria. The differential equation for the Genetic
Toggle Switch problem system of equations can be refer in Hasan et al. (2016) are given in
equation (1) and (2).

du
dt
dw
dr

1hF (1)
=, )

1+l

where u represent concentration of repressor 1, v represent concentration of repressor 2, o
represent repressor synthesis rate and [, y represent the cooperativity of the repressor.

A more complex DNA interaction is the Biological Clock of Neurospora Crassa. Yihai et al.
(2004) develop a system of stiff differential equations from an architecture for the Biological
Clock of Neurospora Crassa interactions proposed by Yu et al. (2004). The interactions of
RNA:s, proteins, biomolecules and its offsprings is given in Figure 2.

The systems of stiff differential equations can be refer in Hasan et al. (2016) are given in
equations (3)-(9).

fli=Alfe— fi)wr—A'fy (3)
fle=5:(fe— fi) + 5.fi —Dsif, “4)
Jr’u_ Lﬂf;'_DEufu )
w' = Eyu, — Dgw— nA(f, — f)w"+ nd'* — puf,™ (6)
w', = Lyu. — Dyu, — LCyu, (7
u' = Cugf, — Diuyy (8)
g = Vi + Dty — Ciuggf, )
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Figure 2. Biological Clock of Neurospora Crassa (Yu et al., 2004)

Another stiff differential equations develop by Yihai (2004) was the Biological Circuit of the
Repressilator. The architecture of the Biological Circuit of the Repressilator is given in
Figure 3.

The systems of stiff differential equations are given in equations (10) and (11).

dm;
d

_ + a. (10)

L= —B(p,—m,), (1)

E

23
1+p7

where o, is the protein in each cell when a promoter saturated with repressor, a+a, is the
protein in each cell when a repressor was not exist, and f3 is the ratio of protein and decay rate
of mRNA.

2. Simulation System

The simulation System for solving genetic problem developed using SCILAB open
source software. The development architecture of the proposed simulation software is given
in Figure 4. The simulation software have three module, which refer to cases. Case 1 is for
Genetic Toggle Switch, Case 2 is for Biological Clock of Neurospora Crassa and Case 3 is
for Biological Circuit of Repressilator. User may select “CASE A” for Genetic toggle switch,
“CASE B” for Biological clock of neurospora crassa or “CASE C” for Biological circuit of
repressilator to run a simulation. The interface design is given in Figure 5.
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Figure 3. Architecture of Biological Circuit of the Repressilator (Yihai, 2004)
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Figure 4. Architecture of development process of the proposed simulation software.
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Figure 5. Interfaces design.
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3. Numerical formulation

Two numerical method will be applied in the simulation software, i.e. fourth order
Runge-Kutta (RK4) and Runge-Kutta-Fehlberg (RKF). The RK4 schemes is given by
equation (12).

Yier = ¥+ g U+ 2k + 20y + k), (12)
where
: h B
ky = f(tir}’e)rk: :ftte + -yt :kl)’

ky=f(t;+ 2y + ?k:]and k.= f(t, + hy, + hk;) for i =0,1.2. ... n.

The RKF schemes is given in equation (13).

25 y +14IZIS +219? 11;
216 ' 2565 ° 4101 * 5 °

Yies1 = ¥ T+

16 6656 28561 3 2
Zes1= Ve T Ekl—i_ijsm ks + 36430 ky _EI% +EI{5 (13)
where
k= hf(ty, v, ks = .’Lf(tk + %fl,}i‘ + %Iﬁ),
o 3 3 3
ky=hf(te+ Shoy + Skt =ky) ,
o 12 1932 7200 7296
ks = hf (tk T4 hyie + 2157 ey + 2157 kez T 21e7 ka) ’
439 3680 845
ko = hf (e + by + Toky — 8k, + 50 — 22 g, ) , and
ko= hf (e +2hy, + Sky—2ky + o ky — Tk, — k), for i =0,1,2,..,n.

4. Numerical Experiment

To analyze the functionalability of the system of the simulation system, we create
several cases following Yihai (2004). The cases are

i. Assume repressor is excluded at t = 0
K= Kh'mzsc:"z'primz [DNA]
T Y, nl
[Repressor]
n
(1 _l_([fndru,cer]) )Kd
1{3
/
. K K
[MRNA] = — — — g7¥mt
¥Ym ¥m
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translation Kkrrmzs!nriwz e —¥mt

[Protein] = . -
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¥Yp¥m ¥Ym? — ¥p¥m
ii. Assume repressor is added at t =0
Kr:un::qn:~i;:rin::[n.'q.|',d]
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iii. Reanalyzed case where repressor is excluded at t =0
K’rr'nrzssr'ipriorz[ﬂ.'\fd]
K= nl
[Repressor]
[Inducer]\™\ ,
(1 + (—Ks Ky
K K
[mRNA] = ——— — ™™™
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| Pratein)| e
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iv. Reanalyzed case where repressor is added at t =0

K

rranscriprion[DNA]

K=

Y, nl

[Repressur]

(1 N ([Indzcer])“:) K,

!

K K .
[mRNA] = — (2.5 x 10% — —) g ¥me

m m

[Prateirt] — kf‘:“ﬂ:‘!j‘:ﬁr‘iﬂ?! Kkzrm:s!nriou e_ymg-
Yp¥m Ym= —¥p¥m
_ (33‘1_ W 105 _ (Kkh'mzslﬁriou + Kkz:l'm!smrz’m!n)) E—Y'JE'
Yp¥m Ym= — ¥p¥r
Table 1. Parameter values for Genetic Toggle Switch
Parameter explaination value
[DNA] DNA concentration 150 cell
Kt ansiation Protein synthesis rate 2.85 min~!
kh'mzscrwr:ou RNA synthesis rate 3.17 ]‘?‘EI']‘T,_l
¥p Protein degradation rate 2.13%¥102 min~!
ym mRNA degradation rate 0.19 min™*
Ks Inducer constant 1000 molecule/cell
Kd Repressor constant 0.05 molecule/cell
nl Cooperation of repressor 2
bind to promoter
n2 Cooperation of inducer bind 2

to repressor

Biological Clock of Neurospora Crassa

Table 2. Initial value for of Biological Clock Neurospora Crassa

Species Initial value
f 0.00400782
f- 0.181388
£, 1.37307
w 0.0000663227
u, 0.0000362815
U,y 0.212505
U, 0.0000000252030
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Table 3. Parameter value for of Biological Clock Neurospora Crassa

Parameter Nilai Parameter Nilai
A 0.0000462010 Dg 0.00285475
A’ 0.566108 C, 1.66501
5, 9.22739 P 3.55829
5, 0.00353803 A, 5.57336
53 0.000000136553 B, 1.82043
s, 9.07295 s, 0.0149985
D, 1.35911 L, 0.0111332
D, 2.77832 D, 0.268920
D, 0.223231 D,, 0.269409
C, 0.0545178 v, 0.120699
L, 59.7062 u, 0.0124268
L, 35.3755 o 0.692213
L, 0.798222 n 4
D, 0.00000947792 m 4
D. 0.00000179706 E, v, * C,
D, 0.159737 o Lt A
D, 0.192918 ¥, 5,% uy

Biological Circuit of Repressilator

Table 4. Parameter value for Biological Circuit of Repressilator

Parameter value
alpha0 1
Alpha 1000

N 2.0
Beta 5

5. Experiment results

Simulation results for Genetic Toggle Switch are displayed in Figure 7 to Figure 10.
Figure 7 represent graph for three different y,; i.e. 2.13 X 10 * min *, 426 X 10 *min *
and 213 x 107! min~!. Initial value for protein is 0 and Repressor value is also 0. Figure 8
represent graph for similar value of parameter in Figure 7 but with Repressor 3.5%. Figure 9
represent a protein 3D plot for Repressor value R = 0:10000:3.5 x 10° and Inducer value
I =0:10000:5 x 105. Figure 10 represent mRNA expression level versus time with three
different y,,; i.e. 0.19 min™*, 0.38 min™! and 1.9 min ™. Initial value for protein is 0 and
Repressor value is also 0.

Simulation results for Biological Clock of Neurospora Crassa are displayed in Figure
11 to Figure 16. Figure 11 represent graph f; with initial value 0.0040078. Figure 12
represent graph f, with initial value 1.37307. Figure 13 represent graph w with initial value
0.0000663227. Figure 14 represent graph w, with initial value 0.0000362815. Figure 15
represent graph ur; with initial value 0.212505. Figure 16 represent graph ws; with initial
value 0.0000000252030.

26



Mohammad Khatim Hasan et. al,

| Mmoo - o x W e g son - E x

e o [

Joeonte e e 2 et T St 7|
Toggie Swten parameters Toggie Swich paramelers

Protein Expression with varrying gamma_p Protein Expression with varrying gamma_p

i
!

I TS \
Tine i

T sy

Figure 7. Repressor excluded at t = 0, .
Figure 8. Repressor added at £ = 0.

I Genetic Toggie Swech I
B Genetic Toggle Switch - o x File About
e sve et T S 5
s e B Toggle Switch parameers
Toagle Swich parameters T R— mRNA Expression with varrying gamma_m
wr R — Induction Levels ktrans 285
Ktrans. 285 e |00213 200
ym 019 ym 0.19
A — s e 20
Ks 1000 d X — 240
e o
mook om0 e o
cesor [0 R
. Reprss s
Roegn [ T - T B | =
e Yy w000, Ted oo | E o
o 3 A - -
bon o LR jr=
. o
N 2 | :
w I \ iy -
e oo ! bl

Figure 9. Plot 3D of the result. Figure 10. Different initial value at t = 0,

R oyl Clock of ewrospon s - o x B Bitgic Clocof Newrospor e - o ox
e Abows Fie about
s chck it s Gt = Selgoncok of Noaospra s 5
Biological Clock parameters Biological Clock parameters
- T Behaviour of Biological Clock Species 13 [ | Behaviour of Biological Clock Species
S B 06 (0159737
© e — [ I B
L) e — s, |
"o \ \ “
o
o, s
Iz
F i Toegn
) | H | Tend i
Ted 200 He= | Totep
Tsep | ] §oo
# b flo o8-
o | 2
o | L | o o7
= | | o o
z | l =
o GRS \ \ i T o .
s B & \RIRVRTR =
7o 2520008 1 \ \ \
SR L] 0 - L L L3 m W L L ™

Figure 12. Behaviour of species f,.

Figure 11. Species f;behaviour.

# Soogial Clockof Newospors Crsa x # Bilogic Clock of Neurospors Crassa - o x
Fie About Fie bout
6o e ewosprscesss D ociopontcock o Newospma s -

— Biological Clock parameters
Biological Clock parameters Behaviour of Biological Clock Species u 59.7062 Behaviour of Biological Clock Species

o o
08 85. S
n £
A .
. u
. w -
»
n . N

i [ —
Toegn HB LA —
Tend i T
T e

. P — o
o o ot
20 15 fo 137307 °
e fo oo .
fao . o o
fs0 fo 0212505 N
oo o fo s :
e
2 o o w0 100 120 140 160 180 200 Compute o 20 @ 80 80 100 120 140 160 180 200
Figure 13. Behaviour of species w. Figure 14. Behaviour of species 1t .

27



Jurnal KALAM Vol. 11 No. 2, Page 019-031

B sitogia Clock of Newospora Casa - o x & Bilogical Clockof

File About Fie About
Bicagial Gock o Netwospora Crassa

Biological Clock parameters Biological Clock parameters
a 0.0545178 Behaviour of Biological Clock Species vi 0.1146669 Behaviour of Biological Clock Species
o7 0192516 . o1 135911
& oosee
02 o8 (\/V\/’\/’\/\/\/\/X
oo
Toegn [0 g o
e 001 : » oo [
= flo 0.0040078 00
f1o 00040078 fo  [ommEs |
f20 0.181388 o000 30 137307
o i3mo7 | fa0 [oooooe63 | ooz
fao 0.0000663 008 fso 00000363 |
f50 [ — feo o — 001
féo 0.212505 . /" 7 2520008 |
[ - — VAVAVE o EE—
Computz] o a0 ) 100 120 130 10 20c
(Compute] o 20 “© &0 80 100 120 140 160 180 200
Figure 15. Behaviour of species if . Figure 16. Behaviour of species 11y

For Biological Circuit of Repressilator, we examine three condition; i.e. stable steady
state solution, oscillatory solution and changes in behaviour of repressilator solutions.
Simulation results displayed in Figure 17 to Figure 28. For the first condition, the results are
displayed in Figure 17 till Figure 20. Figure 17 represent graph for species m1, pl, m2, p2,
m3, p3 behaviour with initial value 0, 1, 0, 1, 0, 1, respectively. Figure 18 represent graph of
interaction between species m1 and pl with initial value of ml is 0 and p1 is 1. Figure 19
represent graph of interaction between species m2 and p2 with initial value of m2 is 0 and p2
is 1 while Figure 20 represent graph of interaction between species m3 and p3 with initial
value of m2 is 0 and p2 is 1.

For the second condition, the results are displayed in Figure 21 till Figure 24. Figure
21 represent graph for species m1, pl, m2, p2, m3, p3 behaviour with initial value 0, 1, 0, 2,
0, 5, respectively. Figure 22 represent graph of interaction between species m1 and pl with
initial value of m1 is O and p1 is 1.

B Biclogical G - o X I Biological Circuit of Repressilator - o0 x
Biological Circut of Repressilstor ‘Biological Circuit of Repressilstor =
Repressilator stable parameters Repressilator stable parameters
a0 1 Repressil dengan keadaan stable steady state solution apha0 [1 | Repressilator dengan keadaan stable steady state solution
np ;Duu i\pha ;unu ] i
beta |5 ol beta |5
A P
N _— H
Tbegin 0 Tbegin 0 | %
Tend 15 Ted 15| 8
Tstep 001 ] Tstep  [0.01 ] Ed
A0 0 L3 A0 0 .
® o o b : //
1 3
o B 0 o X -
o L Fo 1 r
Compute Compute !
Figure 17. Stable steady state solution of species Figure 18. Interaction of species m1 and p1
ml, pl, m2, p2, m3, p3
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Figure 21. Oscilatory solution of species m1, pl, m2, Figure 22. Interaction of species m1 and pl
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Figure 23 represent graph of interaction between species m2 and p2 with initial value
of m2 is 0 and p2 is 2 while Figure 24 represent graph of interaction between species m3 and
p3 with initial value of m3 is O and p3 is 5.
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Figure 23. Interaction of species m2 and p2 Figure 24. Interaction of species m3 and p3

For the third condition, the simulated results are displayed in Figure 25 to Figure 28.
Figure 25 shows the behaviour of repressilator for species ml, pl, m2, p2, m3, p3 with
parameter value for the first graph for alphaO, n, beta, alpha are 1, 1.75, 5, 5, respectively.
Parameter value for the second graph for alphaO, n, beta, alpha are 1, 1.75, 5, 28,
respectively. Parameter value for the third graph for alpha0O, n, beta, alpha are 1, 1.75, 5,
1000, respectively. Initial value for species ml, pl, m2, p2, m3, p3 are 0, 1, 0, 2, 0, 3,
respectively.
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Figure 26 shows the interaction of species m1 and pl. Parameter value for the first
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 5, respectively. Parameter value for the second
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 28, respectively. Parameter value for the third
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 1000, respectively. The initial condition for
species m1 and p1 are O and 1, respectively.

Figure 27 shows the interaction of species m2 and p2. Parameter value for the first
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 5, respectively. Parameter value for the second
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 28, respectively. Parameter value for the third
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 1000, respectively. The initial condition for
species m2 and p2 are O and 2, respectively.

Figure 25. Behaviour of repressilator for species Figure 26. Interaction between m1 and pl
ml, pl, m2, p2, m3, p3.

e About
Exiogest et o Repressaor

i
¢

Figure 27. Interaction between m2 and p2 Figure 28. Interaction between m3 and p3

Figure 28 shows the interaction of species m3 and p3. Parameter value for the first
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 5, respectively. Parameter value for the second
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 28, respectively. Parameter value for the third
graph for alpha0, n, beta, alpha are 1, 1.75, 5, 1000, respectively. The initial condition for
species m3 and p3 are 0 and 3, respectively.

6. Conclusions

A simulation system for 3 selected genetic problem were developed using Scilab
software. The engine for the simulation were developed based on numerical method approach.
We apply fourth order Runge-Kutta (RK4) and Runge-Kutta-Fehlberg (RKF) method. The
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genetic problem selected are Genetic Toggle Switch, Biological Clock of Neurospora Crassa,
and Biological Circuit of Repressilator. The system we tested using several parameter setup.
Result shows that the system succeed to simulate the behaviour of protein, mRNA, species
cell molecule with satisfied user interface.
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